


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


2000-12-01 


Simulations of the TJNAF FEL with a tapered 
undulator and experimental results of laser damage 


Lampiris, Dimitrios. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/7792 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


' (8 D U DLEY research materials and institutional publications created by the NPS community. 
: Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
ath 
KNOX appointed — and published — scholarly author. 


i LIBRARY Dudley Knox Library / Naval Postgraduate School 


411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 








wiae 
Ronde mw". gas 
Pots hewe as ve tase 
wage emake a 
rhe Dh ITS tray eed 

Pded Me mt ene = 











otamy 












wor wean akveemg 








Pouety 


Tew 
Salze ben tin 
VED hed a Meo vg 

"Ket teh sy oe 








“@. Ld 
0 Fe eats 
water ee ra ¥fiy 
pA bead St ey art 
"ote? ore at, 








Sate 5 
sei tees. 











FOaiig. 
tal Mbt Pewee 


Oe selon 


9" Fintan, 


"8 9 wer y, 




























oe ate "s : 
30 ean 
Ae vecwnGai! . reticat a Lorterys 
maege beaegtt sane CFO Or ane et 
2Fn AWRY eye, 3 Spel : 
Ard Foe FE Peng “ry 14. te 
OF Ete ti Soe" ange. nat tates 








Fn. arming te "ame med 
«3 Foe cow vewe PAg age 








Tw" F4 ae 
oF heey, 






* Fasy ererangey 
a a ees 








Ps 00 Mey 
“a7 PRE ot yale. 
fae tatge 





terne 7 

- © eng 

rere ON eee sta oy Ose . 
tea cane 

habdede Sit ee 








Youn eg 
: a 
“we a : 





Ck a ne 
oe * 

eo NS ve ore ote ot Loy 
CMe, weanein eH 
ae 












—~ 
. wee 
= Ot ogee 











O° Fim ong ot 





Stn tore 


ork” sey 
+ av 





= © beens ae 





© 








“as 


> 4 z 
an) | 
Qa Eos cee 
Ce of Cee eee nes 
Nok an oer ea 
oS < Sc eee 
PF al a Be se ae 





Se *BaQhy 








"Ve 
e 2 W45ting © PRES wd tA 
bear eteten Dek ue weedeat lotete ede 
4 oe" ehae, : 
7 1 snags b 


$aMar te etgn ya, 
SEM MAC pry 


Ow wa 


oPues 
ve 
" 





7 th OF ie 
Whe cay 
oi fetay 
fut yee 
“or catty 
Ail oe 






dee 4 
Matelerin 
La ot bi 
Cot esas 
= Se Date me 
+ * eetedys 
Trsneeiy 
Fie Te om 
t-gee 









em 
ae8 a) 6 o'@ ae 
sae 





aoe 


beter 
ote 


“Po a¥ede ve 
ema OF I te B 
Weg lzeee oye 
bow 








“ee OOO 
ser. one on: 


. 
ee oy ee ote 





IE oF ores tyes 
lad 

















3% Soeur 
ers Peerer yo, 4 


oF Heres aes 


2" Mp) on 
c 4407 o Rega sy 
oR Ae ibnees a 


*e 
tt ate we 
eFS tT ST 0 Per De « 


beer. & 
ot D8 age etge 


Peomseay ¢ 


















Mr atetye eye 





#11 eRe yey weghns Baad arnte St wena. 
Chloe ars te bsith-deh ch bile ot oleate 
" ~ 6 eee, sys ge “UTED were le © ee stray GPL) 28 FISTS A9 aS DeLan 
Ege OR et _ epee 3 AMG CSD FORD EMA AE wires es tte e pet 
e¢¢ » 645 fhe Cwyey SSamt = PAW ory wed © ony oes 
- ¢ omy, Ore We ot Pomel at y 
"Oe wtetins ft fo Sethe tun 2% - Serge o Sos ote 
ane - see & ® 
*, a 3 i ae eae ee ereeee 2 we " Res ores 
s9P othe . Lr eee) Ge {ete ¢ *e 
Aides Rhee PETTY Ove 


Pereume -Que 


‘Seer Pie 








“at boas 
"es rose 
+  edyage 








"EH igene 


Putt v sen spe 
"Weg ap ewas 
Fli@we gta ean « 
efe - ee 












































"ste, 
ey Soe Feats oe) 
a Fete eter, 
»® Reureye 
Sex 












Basten o ie os 









Dees mel 


“eo Str teem 





°- 
FeO parties 





oo Pee 
OT aretge ge Ry 








aL mere tat 











TP ah 0 OLS oF wo gb gta’ 
Chee ® 5 eq om Oak We fe pee bee tgs 
Be Clee me asia en} © enete, ty 
’ - € 
ree ae ¥ *BoOtreanes ay l= ese ase 8 
we oyu --o « ¢ e ome '*0 98 
Sue | 8 os gh oe er OF toe -W yar ee « es ea oer eye 
eatte, 6 wm oe teten es ves © ote “e 
Thm POT oor ity ree ote Ws 








fare pewsge 





FW ed pee Cope ge 
eOE-C 18 ot tee g 





dt eh eh nS 








eet 5 
Weeee yee Oey? 




























AVG ChE Ta NORE ATF ol soRe ah e! Af stay 
ts ad; Tr IN" abe waa tad, 
eMeetiemente cima ter 
UF ad otra shy Catviatete aty a 

mi eaten et ¢ te > saa fe Bsr my tee Cele aNietet ow 

8 bt wel 6 tree ot oe tet ot e@alesp secre ye SEP ON SRENL ah ons ace gnton 

’ ey "Set oe a TOT en oe of oe nL AL Sr Pare re 
BA oene arse ¢ Ded gered 
fom Neos ¢ pages Te 

"ees ee-e 


Ory Oe AS ereriay 
a Tye CL ee th apee 


tertile of tele 20m YE sete ace 


we . 
oo etye 


oUt ete Fie tera ee 


10h red gbsT cet, 
NAG et Ghelet Tite tgs 





J en Zulete 
“VETO seg an 






TPB omer 4 0g 
eee ita tees wet Be tdte 

















PAE TIGL e 5 gwrgagly te "@tenetd 
thd WOR Ne st eRitseleadegeseemy 
ats = ss ded As ee Fo et OR 

eee 48 yee S vemees Sere rosy 
ae wy e oS". fe ee 8 





ar ela Lemp dae yt WFO. Hye. 
w= Bee 




























6 fet tehtheahe i) 
bik Wide teehee sts C3 A ee 
WO GF orate re Whe shoes O8 ores 
tex Ct ipeee tari t SPP err Se1tere geen cheeares « eae 
ated We 8 see ae ny Crate OFT eee eact ries Pease wedi g hah d 
=F crime war evetaion parte 
er eee = er PU Vieeooveegey 
oot ox om nges : 





© asd0 see 
Wg st os 
Bite. vahonas 
4 Cepreyes’. 
VeVatearty ene ote svee, 
ee om ty te “sy 








ofthe 






See eee O98. chat ote 
at Se ery tes TON wm iis 
POR Fy Ne OT We 
a8 MY FeEl lores: cee 
gree 














SES © Of od wl epeRed 40 ah atthoh aba 


. Wie Fah Fat gihe ry. 
O8EP a Fh” Naw ANU, Wark Deh eb ew ny 
























Fav PE ath abaeiae hse 
Whe PC heath OL SS WF 088. 
$4 Ma and £> ee he 
s1¢"ase pe 
ts a Werety ) : O FPO rO EKO or oh thet se oy Wer aw, 
2? ol" wg SV weer 
writs . = 





Poe weet Seabee om 





veils, 
Vestas o ae . 








crt 





fe of fe") “ig oLba ese © 
Stes te Oh uo wree 
Bees 


Pap 8g Set nade Fame 
Bd even eH Sa 987 Re bg Tel mp wit oe WhO ODS Hato tS 


END ate ee ahs MM EbE Tare Oe ere? 















Were seer or gecgy 


8 eet dee 
ASMP HTee wee ctee ne ohaps 
Feo co, @ bree: ova, 
Frere pee ose vuiy . Pra) a) 
= 8Pwt-ee 








wtes le 
$F FS .g SIT F4Te mater ge ge 65. 
La PY <Us FOr ely: * 

easy Tee o=V eb eoasies 





"fea es ® 




















Me Wetea-ne i ony 
“¢ VW"! ote 8 











Dope caterer iv ge 
IIS ota Wore 
Sew Pie 76 OU ET ase he 
Led to *- eve sete 
é “De eee were: om | 
4. vae 63 


tse 

















































































PONT a gt 
HET DIMI Hg 4 
are : i aaa! 
. ie SAEST OOPS eee Coletti egettiis® Tellers odin _ mise ies 
Deen SOF yey ee - 9 ’ oer ee at whete tiene ohevee Von, pp el ate PPro daahnaehepeate ee eens 
4 os Sete wera ey mages Se abd ors $08 vet wow SOP ee OS AEE Sb coy tHe GT eoent bese ‘ <4 PLD obane PE “08s Rod Fr eB oR asta sRenW tai ece: vate? oh, 
="1eR Eel ones Sa°0e 8 00k 6S taeseus Me 4; PPR Daae Peuntie coke og * fevs gikenbtey ieee wove bese riey ere 6 08 EWN erie lt ae ee B97 A as Wh aD WP ipsa ar-totnd 
ewe a ewes ov erweett easy acs oo a te eh ac Bee stawe © nN § shee ote ot Meee te os et, Hae O90 wn ar at geye Bea homme! emo 
iL OT Ra oer ce nee PntO be She OY ves om r48 ayuer ce neh e it, ™ eo yess conta Rig fogs Beh, 1 yiig tg Wee ar wi oF Lbs ye weet y. 
evtervedistges en OY Soret sid 2 : ne “Te tow 112 eprtengtcen: suse Sorter « Seb B ars "St ee peaeldcink ttt dates oak re 
StWU? atgtar eter ot Dota ecnaneanes poe! oma 6 6 ebReaR tee y AED MOC ISIED EEE TF ENR © Mgr, Seamed oratn. 
seaeisans seoetenetia te. SiS Me eS = = TOW Se Ls tC eetenee we Orsy oo Peter hr tees wy mb eteter. bk. 
a epee ~ Weir e« oe ces PS "ye ye CU Fe tetat 
“°F Meteo ty oe oe - noses pepeeee sent 
obr. we sate Peon OF emrgee nn fe won st3eT * Hee", ge PV sw ea atte Ab eete we Leg ne tote tus een ses 
© See weipecess a iedenetcts ieee e © Woerie-¥oes ot =~ oe SePacsp “a 8940 Boele NN Wee rer eras 
te a bee gu teen ney, = eee se cease gt ree $ staves tuay avi 
a, Ww 6 eI oe Rem EER hoes ce ioe 
eee 





ade Diba bet ed 
© pvWese *e oy . 


ah © 8 ope 





































Pelee ae ° 








OH athe aM 0 ayer een en Shake so 
eOby eiiay 





















PU Mean mh 
S206 Sip She ray aT mei? oa Vetere o, beta athe na Bbw, 
Seve tater, Saale of hceeh emt oF 
GUTH Te OW AAG tEA Cae 1 =e; © ove A eX art oem 
ES Sg Seay ©: ™“ GP Oe bh. Weteeg the Ss OY” URN oes Pare Bie e 
hae! tea Ee te 2 ee am Gre vee “we teh 90 2a chores 
. Ane ove o. 2 “ pol = 
4 Heteea = W" fWbetmee | oy Hinde# 400 cemg yg ee * af eras ¢ wee 
Te eraree sn er Ete OP Siem lees wet tee igs teas : Myer SNS centenee © tuecie- o 
"O'S B46 - aren ye . - = eke dete 6 2 PtP Ne Oe UNESE o* csetgt 
Yaters 7 ot et Ca Bd s 
ed ee) 
~- ante 


afar 





e195 
f meee 
rv © 6 ety 


* eames @ 


2% 





: 


oe 










Peta ee ate e 
hd a) ns 
ow 











eerie. 





wet ene 








aw. -. 
© *r 8 eet ¥ - 
vers ee “e 
.9@e bic = 
“7 ee weer oy 
“""2 ze ve" 
. a a 
Yet tiesa Phd 
wee ee 








ov 
ex Owe Pe ~~ 
a * 6 - 
ce. B v6 
2 oT) e 
. sos 
- ¢ - 
od . - 
owe, soe - 
. ee - 
: ee 
1 E « 
. as = 
ry e 
. = 
“ “8 
ee a. 
- . 
ere } 
“s 
"-. - 
. ee 
= - ' - 
. . . 
. «Sig i 
- = ewe 








. 
- ~ 2 
. ae . . 
. . ee 2 
' . . 
. Cas 7 8 » 
” rs = 
=° . - 
. . . ° . 
. “ . 
. 7 = 
. . oP aie . 
-< 5 7 
. st . c.* 
. wee . + 
- an = a y 
o. . . 
e. 
= "6 . 
we ° . “x 
eee Ss . . . 
tee ' = 
. 
eee 
8 
. - 
= . 
- . “ a 
. . . 
. 
=. 
e 
. eo 


Vawe vets eee 
= © me oF . 


© fh ce Ot pany bg 


oe 





ateeltne 
Gets ORE ote ne ete wae ee eee 
ee ate it ek Steins Uo 
= © Matis 
. Oe sameee = 
PX’ aces = 















FEMA tae ae OE ian (ute doege. 
=. Chae CAG tg 


Bw hs Oe me Rhee 
Phra] 


ake ee ye" 
eve ¢'¢ ‘na, orter 4 


Bret glseeree 1 Us ee gns. eK este 









“2" Femehsi@ ebrne™ ag - 
ey Beotyy ones OF ewe +0 8 
BOO RPh WAG teen es 








Pike Vader 
FOL ERED OOO 2D, 
Satan Fi Vesran Qe 
me ae ee Mn Ny 
Oprah ate EM oe FeeM aT che heres wo: 


OA om SLED AE Yes arab tyne Remy 


oot OS Ret wR EW, 


See he he te 
a) 


~" legeed © we, 





S eM ege ele gt 
oe we tte «5 













































se maw Your ate Leet Nath gh dee 
orepensse YON AVN AI ND hn Sam. oy Lae tate tan pee " 
OUR Re taad Sn Os ee etym 6 ND eae he eee E et way When ene gee, 
| Meee 8 by emgee & 4 wilvelere Wa Inesgsulese 6 ERS i entre ow 1 te Mat ee oO Ee Fathe Obie, 
. - o 3 MK CON geet ee Breda Vth e Leen. ia” CAPT AT eh. i 
set aes ¢* Lh i) Oratetnnve ves RBS Rete ols, seeded eee AH an ate thie! 
7 “oe ase, ° 2 ee eme yt RP hes ch CV ess wv: OP ety Oe ee ae 
0 Ree ¢ . 5 ¢ «as ow “EZ BIvve © O Benak serriyes Slee FeO eer HAM g dats, 
oath te 2 *s a wluste © ete ty feoove se 6 ghey © = mg ave ™ Ww, . 
omy « oe "Mere oe «ee % Bee wm ® ee Om 9 Me « 
* - we ¢ Bw tes Wate Ber Uees ats 
. eer ot "eto 1 : @ ywerat 
e i) ’ 





Fe softer de%ent oFer ue, 
OF ETE Ay SaG= Shee oe 
AM eh eae” ote o ja: Sammy 
buiiettealiodbiiehtte ask tir eta er te 
Sew BPN WS BNST Ole Me te ee hy la 
Pe ee we%ecwte neha eMawe” Pe hee, 
Bate ee We Ste aS ge eles, 
wl Pray, Fae aNd em 2 we Meee ty Deemer ated hy 
belt lh ee ant OY ae ee 
© PQS eS” We 08 Gem w es. ane ate teh! ah, 
Se Pere ow eas <ten Ge ae etene fe Veshte. « 


“€ 18 Vay Ate 
Te ert eatD ngs 
e'e = 











stank Poe a 
aterm yen 








viwrs why tet Bebe 
FEN Ne mm The Hema deity 
wegatgs ofy 
Hae g Qh Waste ged RG cua < 
Ef rtemgs «© cedayg cts 











© Sene~ 9p- 5 ae 
em eet en 
wets ec) Men 























so0eteuade 
au? 
al teres 
ene a & ney! 


© ote “ty 
Fo ost © g Nore s tor ry We raw 
a@p ery, 





oo 
teen 
eee ws ee 6 gt ete 6 te 
cee fees D Te * on of 
eve. 



























Fe Log st etal 
eee nde eo gesty oe where 
oe “Me -¢@ - +e lt ow + at at Feast As vita de» 
mole IJ - e "¢@ .- = 698m, wm Aare taba wb evate Nee te he 
é pied ate STL Th ¢.* . Cwm ete a wishes wade a tehe te ey WOeSe Re a ee ae Oh ai 
. eA wa ‘ “argo 9 6% 8 og ew ee gn he © Sen tae Ne mw CbweE eee 5 Sm erests hehe” wae et wee 4 
. a@ ~ : ne ce =7e/te@ “stew = of, 
© Co weery - Be wee @1 we85. a ecesas auetere is 
. eet nee ry m8 oe teegece 
ae hte AY "= %) ery . . aa 
a le I 

. ° - 

“~ e eee 
eo we eo 6 omen 





e« 0 





te, ee ee aa Bement Cone Be: 
Ye Oe RAP Se Owe ye wea. 
Dhan Senn. Sok Ca ena 
“mh Ne teh Gee hearta geen 


- 
“tae ON Setwerig 
ee wes 


"se 





es 














2 ASE a Ne wetinn 480 Wile An Pele atone. 
weate Sat ame bated 
shee. tote eet, PP SNE ike he 
er ww ots ige Leetty we o fay Se me or Veremin.g Ay» 
Pores sre ate etetete gt e 
=" 8 coe te mem 
TD ete) a8 t tee 
. xe epee. “@ 
+h - « 


sateva™ Seuge hy ever 
o set ete Unt 

Sere cet . ata! 
Mote ture ee . 





Tatwnen ele geet 
wale Wie. wate 


. 


«© oo Wat ten, 
aa 
TE © #88 yates ease. 


ete a of % atop 





- ere ee 











SF4trre wes 

~ Nee, BO Orig 2 tie, 
Pw wrancaa f 
mee ¢ 





sigs aim see em! 
eae 

ete © fame og gt wae. 
ween oars eof a 
eter. cee 





“Aa erate y 
ONES tot. wenty 
o& Ey wiad Sretewey uM 

7S wee Aas - APmidmg yes oNene tots sw 
fee ett ate! teens 2S nf Same gting . 


See te ne he we ae ieee 


@ wee 


"© we 
ote Ute ee 

















Oboe as harks 
© « «006 
" ' e Me ee ee ey ow 











. » ¢ 





© wrela greats 
& @ eet 


te ee Hts Cf 
oo“ te @e Tes 





= @ ses gtee % 
“=e 


. See we uh w me 

















atte «- 
on Weta Stal eeme, 
e%-.e 











wwe = eres aw 
-oves ~ “© ww 










































































































































eSet Te we Sms oe bet 8 adie © feet 
ftets See 6 eee oe we My te Tete 
— Pate wteed 
Ca L! Stata Ai¢ @ @tco* Te oane - thee eh wile ree 
tee a whe = oe, She ete oe he oe 
ene e~ ye pt wee f= ome ae "ete I 
. wae Merete ns: a ee ee 
=. "2 @ on Tau melst gan o 
Sia ote ats © oe 5 gtets a! d -patem 
«o a Few as 8 Fe 6 aie oe ~ Mawes in HK 
rs © fate ee te ate. af = ose, Be ete Yo = Uta, stoke te 
. ener? - oo nee “vw . . whe we os "et ae ote 
S a - ee ”~ “we fia ee 6 Feta te 
es eos othe "ee enh es . MO elec te we ow 
° - . 
. = ‘eos Heeen 68 lle 
» "« e eo SW NS Ee” O4n aay Me a ee ote ate" eqs Ble wlameee athe SMA eo” +e 
“9% Se Yes . e the tat he viwen a"ehemce ae yO" ees en ne - - 
= se eee # atdeene o"L0 e rene ¢ ene, =, 
“5 ¢ A =" ba te © wet © Che a caw 
- tt ia fe = OMe oe, ote 
= - fe a wate ate any 
oe othe we oe Fe 
& oe ete ee of we st “nay oh 
* « =e Ta wee wee wd Ree ate 
“oe “Ew stp om at? a ate ws otatee ap gp we 
. 7 = fem = tate =e ao wt =era # = Wee 
- e . i Same e a he ant oo Stes ate ma 
. ewten ae | . wee © ets 
* = @ 2 © 4 a tee a 0% te wha a wth ohh Elen 
. “= tee * = =e haln @ te Owes Se 
’. Te te wm met on Lg 
. . . Ce ee a Oe 
-. so ee . Sans ee Nets weet Weta ee oe gw, 
; ee i ee ew eee few e te ee 
. . - . "se : Benne 7 
- . @eteeta “aates Fa eeu ase silk ig & 
. es “we atete en Seeg~ es evteayn eee = 
a Mele ae) ene 6 Bee OR ne wan 
: eT Cc a ee 
S ' 2 é els © Paws "5 = «@ ae Goa ad "ee 
bare 
tae @ ate ate we 
. a eT 
We Sew wie oe <a‘ arene © 
=e ae Ome om ne amy we 2-1) 
. = a ad == Ser ee 
- =e eee et ewe. . - es "= et@ 
- = « oe ows ~ eee stew ements re am ee ee wht = 
me we . - “es . 4 ee * eo Cea um. wees 
. - Pn es ew ee a Na a ee Mee wet aac 
¢ coke =e ® ere « « "FP ate ~~ e Wee 
° 7. co we 8 ew Sh ore ee "ate =wee 
ere w . @a@enate Mo Zt ~- . = eet eae 
. - Swe seene ot mm - =e o- 
—~oO8 =. fe eae ns ene ae sete oe “es 
“9 ow ve Pet te et on Manes eo « - ee 
? - Yu ewe fee os © 2 ote Bee ew ulita e 
eee .* ee Sete te? on a we wees memes 
eres en "mw Oe ew « wie a . Le Shey ao%e® aoe Ww 
ee ~ee a's oe = OC iwi ae win « "= ot fanmmean 
"= « a ee: ear ee o on ee | on oie ww -e 
' . Spf SEEM C Cae ete iemele cla va? alap a te ie we @ lee . en 
= e « fan =e rss © 1. ="e ate “aene 1 © -—* 
. = ees ote . ~ bg = ew Sa en wae oe -°¢ 
e- vom "@ an ry . ¢ 1 "sur © am foms = wer * 
. = ety - 6 . ss enne ~~. ne 
. . 7 =« . ra ° . «= - “~ ew se « 
_ ¢@ =. « “ae = - as sere - ae ue - 
ee 7 . Gare . e ete = - e« « . ee 
anes 7 oe tots ade 4 ee A eo Se ee et 
. =. "ses , ant . - ote coe m= 2 = O'e% 4", * . tate 
ay om "@ ene « = a8 er ef «© -* - we my a ee 
= “ s = e. 
. - 
v. 
= 2% . 
. 
* © FE 
‘ 
ve 
. 
ot 7 
* = 
. ee 
. . . 
we om 
. 
e . 
. 
. =e - ee. « Peas -e . 
. = ” : « ‘ 
. - os = ss . - « a ae = 
. . - - - =. e © «4 
e e ry « . . . 
. ° . ee 


DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY GA 93943-5101 








NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





THESIS 






SIMULATIONS OF THE TJNAF FEL WITH A TAPERED 
UNDULATOR AND 
EXPERIMENTAL RESULTS OF LASER DAMAGE 







by 






Dimitrios Lampiris 






December 2000 
















William B. Colson 
Robert L. Armstead 


Thesis Advisor: 
Co-Advisor: 


Approved for public release; distribution is unlimited. 





REPORT DOCUMENTATION PAGE Form Approved 


OMB No. 0704-0188 


Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send 

comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to 
Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 
| 22202-4302, arid to the Office of Mariagement and Budget, Paperwork Reauction Project (0704-0185) Washington DC z05u3. 







2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 
December 2000 Master’s Thesis 


} 4. TITLE AND SUBTITLE | 5. FUNDING NUMBERS | 
Simulations of the TJNAF FEL with a Tapered Undulator and 


Experimental Results of Laser Damage 


6. AUTHOR 
Lampiris, Dimitrios 


| 1. AGENCY USE ONLY (Leave blank) 






8. PERFORMING ORGANIZATION 
REPORT NUMBER 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Postgraduate School 
Monterey, CA 93943-5000 


9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 


11. SUPPLEMENTARY NOTES 
The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department 
of Defense or the U.S. Government. 


12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
Approved for public release; distribution is unlimited. 


13. ABSTRACT 
The modem maritime battlefield is dominated by the new generation of sea-skimming, high-speed, stealthy and highly 
agile anti-ship missiles. Anti-ship cruise missile technology continues to evolve, overcoming the performance of the existing 
ship self-defense weapon systems. The Free Electron Laser (FEL) could be the ultimate speed-of-light, hard-kill weapon 
system, offering unique features such as tunability, high power, pinpoint accuracy and infinite magazine. Multimode computer 
simulations were used to explore the operation of the Thomas Jefferson National Acceleration Facility (TJINAF) FEL with 
untapered and positively tapered undulator. The final steady-state power, the steady-state gain and the electron energy spread as 
a function of desynchronism were determined for both 34.5 Mev and 47.5 Mev electron beam energies. 
This thesis also includes an experimental study of damage induced to Polyimide Fiberglass and F2 Epoxy samples, by 
the TJNAF FEL. Irradiations of the samples were conducted changing various parameters such as the wavelength, average 
power, pulse repetition frequency, cross wind and spot size in order to explore the damage mechanism. At this stage of 





evolution, TJNAF FEL is capable of 500W output average power, and in order to achieve the required intensity of 10 kW/cm? 
the beam was focused to a small radius. Scaling guidelines were developed in order to predict the damage caused by a high 


power laser over a large area. 


14. SUBJECT TERMS | 
: 15. NUMBER OF 
Free Electron Laser, Ship Self-Defense, Tapered Undulator, Laser Damage Experiments. PAGES 


oF 


16. PRICE CODE 


18. SECURITY CLASSIFICATION OF 20. LIMITATION OF 
19. SECURITY CLASSIFICATION OF ABSTRACT 


47. SECURITY 
CLASSIFICATION OF THIS PAGE ABSTRACT 


REPORT Unclassified Unclassified UL 
Unclassified 


NSN 7540-01-280-5500 Standard Form 298 (Rev. -89) 
Prescribed by ANSI Std. 239-18 





THIS PAGE INTENTIONALLY LEFT BLANK 


Approved for public release; distribution is unlimited 


SIMULATIONS OF THE TJUNAF FEL WITH A TAPERED UNDULATOR 
AND EXPERIMENTAL RESULTS OF LASER DAMAGE 


Dimitrios Lampiris 
Lieutenant, Héllenic Navy 
B.S., Hellenic Naval Academy, 1991 
Submitted in partial fulfillment of the 
requirements for the degree of 
MASTER OF SCIENCE IN APPLIED PHYSICS 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 2000 


WS AKCRMN, 
-QIOO 1% 
PA’? Vid = |), 





THIS PACE INGEN PrONAL iY Soler SE ibanx 


DUDLEY KNOA LIBRARY 
NAVAL POSTGRADUATE SCHOOL 


943-5101 
ABSTRACT MONTEREY CA 93 


The modern maritime battlefield is dominated by the new 
generation of sea-skimming, high-speed, stealthy and highly 
agile anti-ship missiles. Anti-ship cruise missile 
Ecemmevegqy ——ceneinues to ~evolve and to overcome the 
performance of the existing ship self-defense weapon 
systems. The Free Electron Laser (FEL) could be the 
ultimate speed-of-light, hard-kill weapon system, offering 
unique features such as tunability, high power, pinpoint 
accuracy and infinite magazine. Multimode computer 
Simulations were used to explore the operation of the Thomas 
Jefferson National Acceleration Facility (TJNAF) FEL with 
untapered and positively tapered undulator. The final 
steady-state power, the steady-state gain and the electron 
energy spread as a function of desynchronism were determined 
for both 34.5 Mev and 47.5 Mev electron beam energies. 

This thesis also includes an experimental study of 
damage induced to Polyimide Fiberglass and F2 Epoxy samples, 
Dannie etoNArF FEL. Irradiations of the samples were 
conducted changing various parameters, such as the 
wavelength, average power, pulse repetition frequency, cross 
wind and spot size in order to explore the damage mechanism. 
At this stage of evolution, TJNAF FEL is now capable of 5S00W 


output average power. In order to achieve the required 


imtenSeLy OL 0 kWw/cm* the beam was focused to a small 
radius, and scaling guidelines were developed in order to 


predict the damage caused by a high power laser over a large 


a sear 


v1 


eee Ne RODUC LION . sews. «soca ss lS so GS eS then ee ee 
ie ene DLP GTRO@N moan THEORY... 2... wt tw ce tee 
Des Ree PAN) eee Om MRA ION... oo sceSieto se 604 bee be 
PAP eM nen omee leer CARN VALUES ........ 6 cee eee eee as os 
oem Cron el i No LDR THE UNDULATOR. ... ..... 2.008 

EIFS onl LNG HE TB 1G Oa pe aa a PT 
NESSIE UE (CCIE UL 1c ie) al I eee ae a ICR 

Ov Masa MMM CM IEOM nae s,s Gos er moat tis wo 6 sw ate ww oS oho See 

Pe Et VSehON Gis eee RAMEE ERS sac swe a tc eee ee wee eee es 
SEIN ES IOS 1 56 ON Wie a et a ee es, ee 

ee em eee ew ONS <1. 5 tee. s «cia a Se Sie ke Se Se ees ei 

III. THE FEL AS SHIP SELF- DEFENSE WEAPON SYSTEM........ 
eed ie il Oey rs Ae. ee oho g. foc ee Us. cee 
SISUUE: Sle ib Je MBE \e)c))\| Soa ee hae 5 oe mre eae nk keene 
[Vee nthe oe Dk Mink; WEAPONW SYSTEMS 22% . i <a7ssc eee anes 
Inco (CEM ONosie (Clie ts eae a ree emer i ey earederiae a ce 

Toner anGe wod@tace—-Rir Missi lées...:..i2:0...... eee 

OMI Sees gee es sic. MPs ss x ae s+ « + Gea eee inoriainn 

Pee ObnnNcks Ah THbo BD OF. lGHT Sec. cammemereress ose suse ena eees 
peers eee AM) ME ea EN See ete a ce x ek Sie ee ee ee eee cee 
Pee ore ce LON OF THE LASER BEAM THROUGH THE ATMOSPHERE J. 
ISCAS CIES 2 a ar ee neem are 

INGioUL Soleisine 12 212 alee 1s ee a a ere re ee 
Cree mee Gh OmnNON LASER CE EL) 2% 26... ee baie eee ee oe 


TABLE OF CONTENTS 


Vil 


IV. SPMUGLATION RE SWS oa aeste + cite ce ess 39. 6 <<) o. Se enenee a) 


Ay THE SEARERED UNDUILAT ORs. cmaee. + kete scoters meme memen cee manae 39 
Be MULTIMODE EVOLUTION OF SHORT -FULSES 72. | 43 
ee RAPE D> PART LC IGE: sl INS Tee Be i eee ees cya. fe te pee sare eenege rece eee 48 
D. SIMULATIONS OF THE TJNAFP FEL WITH A. TAPERED UNDULATOR . 50 

i 34-2:5° MeV Bleeereonebeam .. ss ames.) See. o eee ee: =o ee et 

20487 25° MEV BLSCE rE Ome Cats ec ccs ect eee eae eam acer eies 60 
Be CONCLUS LON Sica eter ee tee nae ert emma se ee na el 68 


V. EXPERIMENTAL RESULTS OF DAMAGE INDUCED TO MATERIALS BY 


DHE, DONA Re Tee re os age ce ee 5 ee es ee ee eer 2), 22 TAL 

A. LASER MATTER INTERACTION 22 ........ Coe. 2. fie 
oe) Oy) Cheb \(Cer en e e .,  e S35 ae GZ 
ce EXPERIMENT Ai Ee ROCE DURE s.2 << c.0..° 5 2 cu.) sree ee emnnnnretrs oct ES 
iewAuUGUSE 1999 Pxoerument...>... <<, 4 eee. CMTE cs 74 

Pye ema ie AO OOP gE OC 1 MOM Gane iter oot sacha eres! Sie og 8. «ee eae ds 

OPE Gop ORES EC ou ee ee ee. | 16 
le campte qi = POlyimrae PLDSr GLASS ie denise eee cee eee uG 

PMR = a (yeWl (= eee ead Ale 2) @ Lo >. C" enema ans it EME Aon Ae 84 

Een CONGR Se NS eo UGGCE ST LONG one ae ak ee oe eee, Nl 
moe Or RE PRRENCE S (ss (2 cpm... career 6 coe a eae oe, D5) 
elrraAt, DISTRIBUTION LIST “S23 ..... .. Se... eee; wir Si 


Vill 


i So 


oF 


Piven) 


Lp 


LIST OF SYMBOLS 


Spot Area 

Undulator magnetic field amplitude 
speed of Light 

Desynchronism 

Thermal diffusion length 

Electric optical field amplitude 
Electron charge 

Po~eentZ LOrce 

Electron spectrum 

Gain 

Gain spectrum 

Intensity 

Dimensionless current 

Longitudial profile of current density 
Undulator parameter 

Optical wave number 

Undulator wave number 

Optical Pulse LengtoSh 

Undulator length 

Plbcecuron mass 

Number of undulator periods 

Number of electron passes through the undulator 
Electron density within the electron beam 
Slippage distance 

Power 

Optical power spectrum 

Resonator loss factor 


Electron beam radius 


ale 


ieee ol Tia O 8. 


& 


lx(z, n) 
Xo 
Bs 

B.c 


Bic 


Vs 


Oz 


Resonator length 

Time 

Atmospheric transmittance 

Blectron speed 

Optical field shape 

Dimensionless optical field 

Initial dimensionless optical field 
Magnetic optical field amplitude 
Electron axial velocity component 
Electron transverse velocity component 
hOrentZ Eacroic 

Tapering rate 

Desynchronism range 

Absorption coefficient 

Electron phase 

Efficiency of energy transfer 
Optical wavelength 

Undulator wavelength 

Ext in Ctiemecociiaci ent 

Electron phase velocity 

Initial electron phase velocity 
Trapped particle oscillation frequency 
Scattering coefficient 
Dimensionless optical pulse length 
dimensionless time 


Optical phase 


EXECUTIVE SUMMARY 

The Free Electron Laser (FEL) could be the solution to 
the complex problem of ship's self defense against modern 
anti-ship missiles (ASM). The FEL'sS immediate response, 
infinite magazine, speed-of-light target engagement, and 
continuous tunability make it an excellent alternative of 
the current Close In Weapon Systems (CIWS). 

Computer simulations were used to explore the operation 
ca wene IWemas Jetferson National Acceleration Facility 
(TINAF PEL with untapered and positively tapered 
undulators. Taper rates of o6=+4n, +6n, and +8nm were used. 
The final steady-state power, the steady-state gain in weak 
fields, and the electron energy spread as a function of 
desynchronism were determined for both 34.5 Mev and 47.5 MeV 
electron beam energy. The shape of those curves provides 
Mserul Saniormation ameue the FEL @eperatrion. The final 
power and gain were significantly smaller for the 47.5 Mev 
electron beam than for the 34.5 MeV electron beam, because 
of the lower value of dimensionless current j}. However, the 
general shape of the curves is very similar for each energy. 
The desynchronism curves present a sharp peak at small 
values of desynchronism accompanied by the trapped-particle 
instability. The gain versus desynchronism curves peak at 


moderate values of d and give near few gain for both small 


xi 


and large values of desynchronism. Limit cycle behavior was 
observed in the final power for both the 34.5 MeV and 47.5 
MeV electron beams, but not for all tapers. The steady- 
State power and the steady-state gain turned out to be 
higher for the conventional undulator than for the tapered 
undulator. Furthermore, the tapered undulator induces more 
energy spread to the electron beam, and demonstrates less 
efficiency for beam recirculation. The width of the 
desynchronism curve decreased as the tapering rate is 
increased. The operating width of the desynchronism curves, 
Ad, as a function of taper has been measured in experiments 
conducted with the IR Demo FEL at Jefferson Lab [Ref 16]. 
Simulation results are summarized in Table 1. There is good 


agreement between theory and experiment. 
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Table 1. Summarized Simulation Results. 
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ito ehnesis also includes an experimental study of 
damage induced to missile nose-cone materials by the FEL. 
Experiments were conducted with the TUJNAF FEL in order to 
study the damage caused by the laser beam to some sample 
materials commonly used in missile cones. The TUJNAF FEL is 
Gapaele ae this point of S00 W output power. Since 1 MW 
power over a spot of 100 cm* is approximately required to 
shoot down a missile, the beam was focused to a small spot 


area in order to achieve the required intensity of 10 


kW/cm?. In this way several guidelines were developed that 
could predict the damage caused by a high power laser over a 
larger area. The pulse repetition frequency (PREF), the 
wavelength, the average power, the spot size and the 
crosswind speed were varied during the irradiations in order 
to determine the influence of these parameters on the damage 
gol a els Airflow of 60-80 mph speed did not have a 
Significant effect, and increased the penetration depth rate 
Pee c-loso. Ihe penetration depth rate 15 proportional to 
the laser intensity. The A=3.1 um wavelength was more 
effective than the A=4.875 um wavelength. In addition, the 
lower PRF (18.7 MHz) seems to contribute to higher 


penetration rates due to the higher energy per pulse. 


ee aiag al 
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dig INTRODUCTION 


In recent years highly sophisticated anti-ship missiles 
(ASMs) have been introduced to the sea warfare environment 
making the modern maritime battlefield much more compressed 
and deadlier than ever before. The ability to react quickly 
and correctly to multiple ASM attacks is now an essential 
part of the self-defense capability of a warship. Current 
ship weapon systems tend to lose their ability to meet this 
requirement as the offensive missile technology evolves 
spectacularly. A Free Electron Laser (FEL), as a speed of 
light, hard-kill weapon system, 1S a potential solution 
offering many attractive characteristics in performance, 
readiness, and life cycle management. 

Chapter II of this thesis describes the FEL, and its 
principles of operation, and gives an overview of background 
theory. Chapter III addresses the benefits of the FEL as a 
hard kill weapon system against anti-ship missiles, and 
analyzes the shortcomings and needs of current ship self 
defense. 

Chapter IV describes the operation of the tapered 
undulator design, and simulates the performance of the 
Thomas Jefferson National Acceleration Facility (TJNAF) FEL. 


Multimode simulations are used to analyze the operation with 


untapered and positively tapered undulator, describing the 
evolution of short optical pulses at far infrared 
wavelengths. Trapped particle instability and limit cycle 
behavior are observed and analyzed. Furthermore the steady 
state power, the steady state gain and the electron energy 
spread as a function of desynchronism are determined for 
both 34.5 Mev and 47.5 Mev electron beam energies. 

Chapter V presents the analysis of experimental 
irradiations on several materials commonly used in missile 
bodies. The goal of the experiments was to determine the 
amount of damage induced by the unique FEL beam of short 
pulses and develop scaling laws that could predict the 
damage caused by a much higher laser power over a large 


rogers 


pee FREE ELECTRON LASER THEORY 


A. DESCRIPTION AND BASIC OPERATION 

ites Pree Electron laser (FEI) concept was first 
introduced by John Madey in 1971. The basic parts of a FEL 
ame the electron accelerator, the undulator, and the optical 


resonator cavity as shown in Figure 1. 


electron beam 


undulator 


resonator 





Figure 1. The FEL schematic. (From Ref. 1). 
ijes uncaitkaltor 12S —-a COMPIGUuraAElen Of S magqnersuseu 


Superconducting coils, which produce a spatially periodic 


magnetic field. A relativistic electron beam generated by 
the accelerator is injected into the undulator. As 
electrons travel Emeeuen the bugkelsILeneere’ they are 


periodically deflected in the transverse direction by the 
imposed magnetic field. This transverse motion causes the 
electrons to radiate (spontaneous emission) in a narrow 
hope Cone « The electromagnetic radiation is stored in 


the optical cavity and the optical power grows over many 


passes inside the resonator. theseempling of the optical 
field, the magnetic field, and the electron beam allows 
extraction of kinetic energy from the relativistic electrons 
and conversion to high optical power. Subsequent electrons 
moving inside the undulator interact with the continuously 
growing optical field and radiate in the presence of light; 
this is stimulated emission. 

The combined effect of the undulator magnetic field and 
the electromagnetic radiation gives rise to the axial 
bunching of the electrons at the optical wavelength, 


allowing them to radiate coherently. 


Be PARAMETERS AND TYPICAL VALUES 


The FEL'S most important operation parameters are 


listed in Table 2. 


(PARAMETER[_—~=~=*~“*~éi <zSINTTON—~S~*~<“~*~SCS*C«éRANGES 
rB_[Undulator Magnetic Field (rms) [2-7 Ke 


Electron Beam Energy MeV-GeV 
Electron Beam Current 1-1000A 
n 
















[In Efficiency of Energy transfer [18-508 


Table 2. FEL's Operation Parameters. 





The undulator parameter K is defined by K = eBA, / 2nmc* 


and its value is usually around 1. The radiation optical 
wavelength is N= A,(L + K2)/ 2y? (Re Te polaie: The Eh ines 
operating wavelength can be easily tuned simply by adjusting 
the electron beam energy or the undulator parameter. It is 
worth noting that the FEL can be designed to work in an 
extremely wide spectrum of wavelengths and in new wavelength 
ranges, where there are few powerful sources of radiation 
like 20um to 500um and 20nm to 300nm. This remarkable 
feature makes the FEL an attractive device, demonstrating 


its potential for various applications. 


ec: ELECTRON EVOLUTION INSIDE THE UNDULATOR 


1. The Undulator 

Two kinds of undulator polarizations are commonly used 
in FELs, the helical and the planar. The helical undulator 
consists of superconducting coils and generates a magnetic 
ficldms = B [cos (kgz) , Sin (eee 0] Om axis with k, = 2m / Ag, 
ance produces circularly polarized light. The planar 
undulator consists of an arrangement of magnets and 
generates a magnetic field B=B [o 5 Sata ee Ae Ona ee 


producing linearly polarized light. 





Bugquiccs2 Helical Undulator: Pagure 3. sLincaasumcdilater . 
(Erom Rete) (Prone ee tac). 


2. Resonance Condition 

As electrons move through the undulator in the axial 
direction, they are periodically deflected in the transverse 
direction by the spatially varying magnetic field. A 
typical motion of electrons inside the undulator is shown in 
the figure below. Note that z and x are the axial and 


transverse directions respectively. 


UNDULATOR 





Figure 4. Electron motion inside the Undulator. 
(From Ref. 2). 


As an electron moves through an undulator wavelength 
Ag, iat completes a full oscillation period in the transverse 
direction and emits a wavelength of light A. SO one 
wavelength of light traveling with speed c passes over a 
slower electron, as it travels through an_ undulator 
Remetengthn ep, With speed Bc. This particular electron- 
photon “race” is called the resonance condition and is shown 


schematically in the figure below. 


CN aX 


\ > c light speed 
—> Bc electron speed 





Mmegurers. HLCCEGOn ==Ehoron Race. (After Ref. 3). 


fae electron “acceleraelene Causes — Ehew emissl on on 


Smenaorron radiation im a cone? Of width JT/y (Reb. 2), 


where y=1/ 1 = is the Lorentz Factor 8 = u/c, andu is 


the electron's speed. 


We define £,c the electron speed in the axial 
direction, where c is the speed of light. We can easily 
calculate the wavelength A of the emitted radiation using 


the electron-photon speed difference. 





d A i I IN 
s = =): [2] =. G9) =a{2-a] =r: a es ee ee 
‘ Buc B. ° 2 = i 2y" a 
2y* 
dv 
2 and bap 
2y 
Fom hight. Drelativistic — clectrons,. ye 2 and 
A = Ay / Qy* : 
She Pendulum Equation 
We consider a helical undulator magnetic field 
B=B [cos (koz) Paxson vs Er o], where kp = 2n/A, is the 


undulator wave number and A, is the undulator wavelength. 
We assume for the optical field a circularly polarized plane 


wave, with electric and magnetic fields 
E28 [cos¥ pe Sigs 0] and B.=E [sin¥ 7 Costa, o| ES OSC LYS lly 
where V=kz-ot+o, © 1s the optical phase, 


k = 2n/A is the optical wave number, and A is the optical 


wavelength. It should be pointed out that the electric and 
magnetic fields E,,B, have the same amplitude E, as they are 


measured in cgs units. 


Relativistic electrons with charge magnitude e are 


injected in the undulator with energy ymc? and momentum 


= 


P= ymu, where y is the Lorentz factor, m is the electron 


= 


mass, wu = Bc = 8B,c+fB,c is the electron's velocity, and 


Bic, B,c are the velocity components in the transverse and 
axial direction respectively. Electrons interact with the 


fields and they experience relativistic force 


a eo a 

at Cc 

ees eS ie eel (2) 
oh mc 


where B, is the total magnetic field of the undulator and 
optical field combined together B, =B+B,. The magnetic 
field is always perpendicular to the electron motion and 
does not affect the electron's energy ymc’. The electron 


energy change is given by 


— =F-u = -ef 
dt Gite mc 


2 
a - d a. F 
d(ymc*) i Sees SG ae [3] 


Inserting the fields into the Lorentz equation we get 





dyB, ) _ == Ge ee) (cos ¥, oe ) +BB- (- sin(k,z), cos(k)z), 0)) [4] 

dat mc 

ae —_ nee lo, Oy E(G,.cos¥ = B.sin¥) +B. (sin (kz) _ By, cos (kz) [5] 
ic Me 


dy e 
= = By OS YS sin ¥]. 6 
dt mc : “ | iba 


Mohican al metsl oak! ch cawemmmenta Melee ice gis 1S), (bees sO we can 
Qiks regard (ENG eo rie (eps ls (cos¥ p= Sane | 0). ane eal Fe lelsuts 
approximation, integration of equation [4] with respect to 


time gives the transverse motion as 


Cree ay [cos (k,z) PSN SA) 0] (77 
Y 


where K is the undulator parameter and 


RB. = a GOsi(1CZ), [8] 
of 
K 

by = a Saez [9] 


Veet senetee Pp eo equator (6) mand Omen 





le eens (MENG \p [10] 
Ot ymc 


The Lorentz Factor y describes the electron's energy, 
¢ =(k+k,)z-ot is the electron's phase generated by the 
combination of the undulator and optical fields, and 9 is 
Eve weOpEreal "phase SUNG ge SS 7 ee enc Yt 
(relativistic electrons), the initial electron phase in the 


Segimueng. Of the wundulator wae e—0 is Cees te lope ee 


10 


= K — 
From equation [7], we have Br =—. Combining EMmis wire 


=< 


micwbOorentz LTacter, we get 


2 


: es = Sa eeak 
y =1l-P =1-6 -fj=-1-@-— #1-£. [11] 


Dtreomentiation of [ll] with respect to time gives 


é a 
aoe 

te ; ae) 

Y srs 

which relates y to cae Differentiating € twice, we acquire 

eee + ky))z—@ = (k + ky) }ch. —- © [13] 

aacc = (k + ki jes, > 6, = ee [14] 

(k + Ky)c 


We substitute equation [14] into al) and get 


re 
y (+k?2)-(k+k)c 

We now make use ene the resonance CoOnelttom 
A = rQ(1 3 K?) / a (1 a K?) / 2y°, and assume that for 


I? 


moineivIStic  elecerons 5: Prange kK + ke kK, Since te koe 


meiger on.) [>] becomes 





¥ = ¢ : LLG) 
Y Zk oC 


Comeaming equations [12] and [le], and solving fox (i we 


obtain 


alii 


Ga a cost’ +o), [17] 


which describes the dynamics of the electron phase by the 
Pendulum Equation. 
The time interval for an average electron to cross the 


undulator is At = L/£,c, which motivates the introduction 


Cael 


of the relevant dimensionless time t=f£8,ct/L=ct/L, 


ranging from 0 to 1 along the whole undulator length L. We 


090 
Uses thc SNOtTacLOn Cf —Gmeas tie Second deri Volu hve mon many en 


respect to Tt, and we define lo = 4nNeKLE / y*mc* as the 


dimensionless optical field amplitude. The pendulum 
equation takes its final form 


ote) 


C = lal cos( Z + 9). [18] 
Certain important remarks must be made from this analysis: 

e ¢ is a microscopic variable describing the 
relative position of an electron within an 
optical wavelength, as it travels through the 
bndulaver 

e Equation [10] relates y , which is the electron's 
rate of energy change, to the electron's phase 
(C+). As cos(@ +) takes values from -1 to 1 


within one optical wavelength, half of electron's 


LZ 


phases result in y > 0, and the other half give 
y < 0, which implies that electrons become spread 
in energy. 

The fact that y « EK/y implies that stronger 
fields result ina larger electron energy change, 
whereaS more energetic electrons (larger ge) 
reduce the coupling of the undulator and optical 
fields. 

Electrons becoming spread in energy within an 
optical wavelength, implies that some of them 
gain energy and move faster while other lose 
energy and move slower, thus they become bunched 
on the scale of the optical wavelength. 

Electron motion inside the undulator, which is 
rather complicated, is described by the well- 
known pendulum equation, which facilitates 
remarkably the visualization of the electron 
phase dynamics, and the understanding of the 


phase space diagrams. 


is 


D. DIMENSIONLESS PARAMETERS 

Several dimensionless variables can summarize recurring 
combinations of physical parameters, which govern the FEL 
operation, and are used to gain insight into the relevant 
physical processes. An important quantity characterizing 


many PEE properties is the undulator parameter 
K = eBA, /2nmc*’ where B is the rms field strength over each 
period, A, is the undularor wavelengen,, ancora are tiie 


electron charge and mass respectively. In most FELs K ©1. 
A pass of the electron pulse through the undulator is 
described by the dimensionless time t= ct/L_ where 


CR a |e The electron phase € and phase velocity 


ri 
ll 


v= Z = Lk ap Ken ee k|, desemiases ene selec erOumuc LOcd my mame 


position in a section of the beam one wavelength long, and 
define bunching and bunching rate of the electrons. The 


phase and phase velocity are coupled by the dimensionless 


complex optical field a= loe*® through the simple pendulum 


OO 
equation 2 = |alcos(Z + g). The field amplitude is 


lol = 4nNeKLE/y*mc*, and determines the electron-bunching 


rate on the optical wavelength scale. When a << nn the 
optical field is weak, and when a >> non the FEL operates in 


the strong field regime. The response of 
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the optical wave to bunching in the beam is described 


my eEhew dimensionless current gp— 8N(enKL)*n, / y°mc’, where Ne 
is the electron density within the electron beam. The 
dimensionless current provides the coupling between the 


electron beam and the light wave through the wave equation 


ao = —(e%) (Ref. 1). When j<<n the FEL gain is low, and 
when j>>n the FEL gain is high. Fach definition above, 2 
Andes Ve Seesecribi ngs treme _CcEroOnS merce cemuoimg = thes light 
wave, and j describing the whole FEL, is physically 


meaningful and useful in evaluation of many FEL effects. 


EB. GAIN SPECTUM 

Figure 6 shows the FEL gain spectrum for a typical low 
current FEL with j=2 and N=21, as the initial optical field 
mpi rues Oo, evolves from OUm@Eo 40. G is the FEL gain for 
one pass of the electron beam through the undulator in a 
Single optical mode, and vp is the initial electron phase 
velocity at the beginning of the undulator. FiIguresea],- € 
and 9 present a cross section of the gain spectrum for 
Cpe ee) O — 20 and a, = 40) ‘respectively. The plots were 
generated by computer simulations. The gain has a maximum 


Womllem=l beac Gain), for Peach optical. field Strength “oo 
Furthermore, the position of the peak gain changes as q@ 
increases, and the gain spectrum distorts. 
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Figure 9. FEL Gain Spectrum, j=2, a = 40. 


The value and the position of the peak gain are crucial 
to the FEL operation, since they determine the optical 
frequencies that are going to be amplified as well as the 


final optical power. The FEL gain is clearly antisymetric 


about resonance v,=0. In weak optical fields the gain 


Beceem Masa Peak valuc sommmem= Ot sq uNcie = 2.0 eecind 


width Av,=n. The gain is zero at resonance. As the 


Qpmiedia treld GrowS tO saturation the gain spectrum 


distorts, and becomes broader with width Av. eva. The peak 


iy 


gain decreases substantially and moves to higher values of 


ye In the case of j = 2, the peak gain drops from 27% in 


‘o) 


weak optical fields, to 1% when the optical field saturates. 


The phase velocity of peak gain moves from v,=2.6 to 


we — 10.8. The corresponding change in the wavelength is 


.@) 


AA/A = Av,/4nN =3% in this example. 


rE , FEL'S APPLICATIONS 

The FEL mechanism can be designed to operate over a 
large region of wavelengths, from nanometers to centimeters. 
Bach FEL also has the capability of being continuously tuned 
Simply by changing the electron beam energy. Most often the 
FEL is operated so that the net energy transfer is from the 
electron beam to the radiation field in order to amplify it. 
Nevertheless, it 1S possible to operate the FEL so that the 
net energy transfer is from the radiation field to the 
electrons making an accelerator or an inverse FEL. 

The FEL has become an exciting alternative to other 
radiation sources, like microwave tubes and lasers, and can 
extend the operational range of both. Because of its 
flexibility, the FEL can be applied in many diverse areas 
such as lithography, plasma heating, particle acceleration, 
as well as material, biological, medical, and solid state 


research. 
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III. THE FEL AS SHIP SELF- DEFENSE WEAPON 


A. THE ANTI-SHIP MISSILE THREAT 

In the modern naval battlefield, anti-ship missiles 
(ASM) have become a very serious threat even to the most 
modern and complex warships. Faster and faster ASMs have 
dramatically decreased response times for surface vessels. 
A simple scenario helps us realize the complexity of the 
problem. 

Consider a sea skimming ASM, flying less than 10 meters 
above sea level and heading towards a ship. Let the height 
of the ship's sensors be 25 meters above the sea surface, so 
that the horizon distance in which the missile can be 
detected and tracked iS approximately 10 nautical miles 
(mm). Given the missile's speed to be 1 mach = 600 knots = 
10 nm/min, it takes one minute for the missile to impact the 
Sig. The time is decreased to 30 seconds if the missile 
approaches with speed mach 2. 

The Aegean Sea, where the Hellenic naval combatants 
usually operate, has a very specific geography. it sara 
@ommelex~ OF thousands Of nervgnboring 1slands, “less thanuiZ 
Dott tecaiemLles aparece Gach “erner. This complicated battle 
arena gives rise to certain specific scenarios. For 


instance, a battleship operating 5 nautical miles from the 


rg 


coast of a small island could suddenly be face to face with 
a Harpoon ASM emerging behind the island, using the waypoint 
navigation feature. 

Due to the spectacular development of anti-ship missile 
technology, ASMs have become state-of-the art weapons with 
highly supersonic speeds, ten’s of g'S maneuverability, 
multiple guidance modes, countermeasure capability, reduced 
radar cross section and IR signature, and pinpoint accuracy. 
There seem to be no end to this development making it hard 


for the ship self-defense systems to keep pace. 


B. SHIP SELF-DEFENSE 

The existing shipboard anti-missile systems are divided 
into two major categories: passive and active. Passive 
methods include decoys, chaffs, stealth technology, as well 
as tactics and techniques, which alter the ship's IR or 
RADAR signature, and generally deceive and confuse the 
missile sensors. 

On the other hand, active systems imply = strong 
interaction with the incoming missile target and they are 
further divided into two categories: soft kill and hard 
Kany Soft kill methods disable the threat missile by 


attacking tes) —cleGectroniess OF Dilimncing )  Vesmesensor, buc 
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otherwise leaving the target body undamaged. etal Keeb a 
weapon systems actually destroy the target-missile achieving 
large-scale physical damage. We are going to be focused on 
the hard kill method, which is the most desirable. A 
scenario of layered ship self-defense, involving both soft 


kill and hard kill methods, is demonstrated in Figure 10. 
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Figure 10. Layered Ship Self-defense. (From Ref. 10). 
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Ce AVAILABLE HARD KILL WEAPON SYSTEMS 
Several hard kill weapon systems are used to confront 


the complicated ASM threat. 


ae. Large Caliber Guns 

The 5/54 or 3/62 OTOMELARA guns have effective ranges 
of 10 and 5 nautical miles respectively, and are the 
standard Hellenic Navy guns that can be used as a medium 
range defense, but with extremely low efficiency. The fire 
control system, the shell's speed, and the relatively slow 
rate of fire are not capable of shooting down an approaching 
Supersonic sea skimming ASM with high maneuverability. 
Moreover, the shell dispersion (increasing with large range) 
limits the accuracy considerably and lowers the probability 


kill £O Mingmal values: 


2. Long Range Surface-Air Missiles 

Another approach considered as a long-range defense is 
the use of antimissile missiles. Several surface-to-air 
missiles, such as the standard Navy missile (SM-1l, SM-2) or 
the Nato Sea Sparrow (NSSM) have been developed, and are 
equipped with excellent 1g JL aLfoj@ie Characteristics, 
maneuverability, and effective range. 

However, in order to take advantage of the long 


effective range, a long detection range is also required. 


OSA 


Samce the sea skimming ASMemissaliewee flight altitude is 
about 8 m with a corresponding detection range at the 
horizon of 11 nautical miles, making the long-range missile 
advantage becomes useless. Moreover, physical dynamics 
require that defensive missiles should have 2 to 3 times the 
maneuverability of the incoming missile. Current anti-ship 
missiles have the ability to fly at supersonic speeds, 
pulling more than 10g in terminal maneuvers. A simple 
calculation makes the maneuvering requirements of the 


defensive missile unfeasible. 


3); CIWS 

ac) ate iin@s iz. Lay Cts won. SC els C Miche clisn Se ammiclh eam ane 
missiles is provided by the Close In Weapon Systems (CIWS). 
The inner layer defense systems could be gun based, such as 
Raytheon's 20mm Phalanx, FABA's 20mm Meroka, Signaal's 30mm 
Goalkeeper, Oerlicon - Royal Ordance 35mm Millenium, or 
OTOBreda's twin 25mm Myriad. Some Navies advocate short- 
range missile based CIWS's such as the US-German RAM or the 
French Mistral. The basic characteristics and features of 


the currently most used CIWS are discussed below. 
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a) The Phalanx Gun 

At this time, the Phalanx Gun is the standard CIWS 
for both the U.S and Hellenic Navies. It is the most 
extensively used CIWS in the world with more than 700 
Phalanx systems deployed by 21 Navies. Since 1979, when it 
was initially deployed, the weapon has evolved from Block 0 
to Block 1B through system improvements, upgrades, and 
modifications. The system is a rapid fire, computer 
controlled radar and gun system that automatically carries 
out search, detection, target threat evaluation, tracking, 
ane rar laid. It 1s equipped with an electronically 
controlled, pneumatically driven, 20 mm _ six-barrel gun 
capable of firing 4500 rounds per minute within a range of 2 
km. Although the weapon provides superior performance 
against anti-ship missiles, it has several deficiencies. It 
experiences random and variable bullet dispersion, which 
diminishes its ability to destroy its intended targets at a 
range where missile debris does not hit the ship. The high 
rate of fire causes overheating of the barrels, so that the 
firing must be limited to bursts of only few seconds. The 
gun's magazine, which is capable of holding up to 1000 
rounds, can be expended in just four to five engagements and 
requires up to 30 minutes to be reloaded. If the missile 


attacks are more frequent, it means that the ship is left 
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with no self-defense. Finally, computer simulations have 
Pmowmeenat the probabilityeer hitting an incoming missile is 
extremely low for ranges more than 250 m (Ref. 11). In 
Figure ll we can see the probability of a single phalanx gun 
penetrator hitting an incoming missile flying at altitude of 
7 meters above sea surface with speed Mach 2, versus the 
missile range from the ship. It is easy to see that the 


probability drops very rapidly as the range increases. 
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Bagure li, Probability of a single wound to hit the missile 
versus missile range. 


fis, 


Figure 12, shows how the number of hits acquired 
by a missile with approach speed Mach 2 and altitude 7 m 
above the sea level, varies with range from the ship. The 
dashed line is\,for a firing rate ofes000 reundée/min (Block 
1A model), while the solid line is for 4500 rounds/min 
(Bleocweabes model Since 95) tO (Gmibimes  Aaremnecdecmeemeect roy 
the missile a typical killing range seems to be around 150 m 
from the ship. The missile may be destroyed within a range 
of 100 to 200 m, but its fragments contain enough kinetic 


energy to reach the ship and cause serious damage. 
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Prous 2 = Number of shots acquired by the missile versus 
range. 
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Puke oeEcsemesm the prObdbwlity Orewa missile 
fragment hitting the ship versus the missile destruction 
range. Iie pehecr Cikesic SS ieliicles (eine: Wiveneteleeileubilate ty ihereaciac = 
dramatically when the missile is destroyed closer to the 
ship. For a missile, approaching with Mach 2 speed and 7 m 
altitude destroyed by the Phalanx Gun at 200 m from the ship 
and breaking into 20 pieces, there will be about 10 of them 


Piceeiinally hit the ship: 
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Figure 13. Probability of a single missile fragment to hit 
the ship versus the missile destruction range. 
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b) The Rolling Airframe Missile (RAM) 

Another relatively new weapon system is the 
American/German Rolling Airframe missile (RAM) that was 
TlT St etneroouced Ine ty gs tO —cOMMtce.  Licimcdiiet —colmore Gr lame 
missile threat. It is a lightweight quick reaction, high 
firepower guided missile weapon system that provides another 
layer of hard kill defense and fills the gap between the 
Phalanx CIWS and the longer-range anti-missile missile 
system as the Nato Sea Sparrow. 

RAM comes with a 21l-round guided missile launcher, 
which provides high firepower. The supersonic missile 
demonstrates an excellent kill performance resulting from 
its high maneuverability and accuracy as well as from its 
effective warhead and fusing. Moreover, the latest missile 
upgrade RAM Block 1 Infrared (IRMV) exhibits multiple 
guidance modes, reduced IR and Radar Signatures, 
countermeasures capability, and improved performance in 
degraded weather conditions such as heavy rain or fog. The 
currently produced RAM missile (Block Q) has been fired in 
105 flight tests resulting in 100 successful intercepts. 
Its reliability has been sustained in extensive field tests 
under high stress conditions and realistic scenarios thus 
demonstrating that RAM is one of the world's most advanced 
ship self-defense weapon systems. Another system that is 


also under development is the Raytheon's SEA RAM, which 
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eollome@es eclements ~from both Phalanx and RAM CIWS. (eg eel — 
missile round RAM launcher assembly loaded with RAM Bl 
guided missiles replaces Phalanx's 20mm _ gun. SEA RAM 
inherits RAM's accuracy, extended range and maneuverability 
combined with the Phalanx's Block 1B's high resolution 
target detection search and track sensor systems. and 
reliable quick-response capability. SEA RAM is-~— an 
affordable capability upgrade and especially attractive 
option for those navies that have already deployed the 
Phalanx, like the Hellenic Navy. ite sfits the ~eszaer 
footprint of the Phalanx, uses the same power and requires a 
minimal ship modification. 

Nevertheless, anti-ship missile technology evolves 
extremely fast, ASMs have not yet reached the peak of their 
evolution. Future high performance threats are expected to 
be stealthier, faster, and lower flying missiles able to 
perform unique maneuvering profiles in order to defeat ship 
defenses. Since a defensive missile is required to have 
substantially superior speed, guidance system, and 
maneuverability than the incoming threat, it is a matter of 
time that RAM or any current missile based inner layer 
defense system will become outdated and ineffective. The 
defensive - offensive missile technology race is clearly won 


by the offensive one. 
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jaye DEFENSE AT THE SPEED OF LIGHT 


So far, only kinetic kill methods have been used to 
project power to the target, generally in the form of 
projectiles, rockets and missiles. Kinetic energy weapons 
require a finite flight time to intercept a target. This 
time turns out to be crucial when a threat 1S approaching 
with supersonic speed, making the reaction time for the ship 


minimum and leaving no chance for reengagement. 
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Figure 14. HEL Engagement Scenario. (Paola. 1). 
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High Energy Lasers (HELS) are now being developed to be 
used aS weapons delivering lethal power at the speed of 
light. A high power optical beam traveling with the amazing 
speed of 300,000 km/sec is now available to boost ship’s 
self-defense. The HEL provides an effective engagement 
BamciemmoOn approximately 10 km and a practically zero flight 
time out to the target. In the case of a typical short- 
range (10 km) engagement with a modern defensive missile 
system, the time between the employment and threat 
destruction can be as big as 10 = seconds. In the 
unfortunate case of a miss there is no time for 
reengagement. On the other hand it takes only 30 usec for 
the laser beam to reach the target and about 2 seconds to 
destroy it. Such a short time provides the benefit of a 
"second chance", if there is a miss and moreover the 
advantage of engaging multiple threats. 

An example of an HEL is MIRACL (Mid-Infra-Red Advanced 
Chemical Laser), which has been developed at White Sands 
Missile Range in New Mexico. MIRACL is a deuterium fluoride 
laser that operates at 3.8 um wavelength, and has achieved 
an output power of 2.2 MW. At tests conducted in February 
Que Under the Nautilus program, MIRACL successfully 
engaged and destroyed a short-range rocket in flight using 


the Sea Lite pointing and tracking system. 


Sil 


Undoubtedly, the HEL could enhance substantially a ship’s 
self-defense capability, and HEL development should be 
considered seriously to provide an alternative to current 
short-range defense weapons. It is the weapon of the 21% 
century and will always be effective. Its instantaneous 
response and amazing capabilities can never be outdated, as 
the speed of light will never be exceeded by the performance 


of any future advanced missile. 


E. LASER BEAM LETHALITY 

The HEL weapon concept is fundamentally different from 
that of the kinetic energy weapon. A kinetic energy weapon 
requires a finite time to deliver its warhead or mass to the 
target, but causes damage instantly. On the other hand, the 
laser beam arrives at the target instantly, but it takes a 
finite time to cause damage. The damaging effect of the HEL 
is a thermal process nearly identical to cutting a peace of 
metal with a blowtorch. The question posed is how lethal a 
laser beam has to be in order to shoot down a flying 
missile. 

Although it is preferable, it is not necessary to cause 
the ignition of the warhead in order to destroy a flying 
target. A hole of the dimensions of a child's fist (3cm x 


3cm x 3cm) is generally enough to cause severe damage to the 


o% 


missile's eleciwgenaac - PUmgeniermore, this damage 
Significantly alters the missile's aerodynamics resulting to 
instability, overheating and fall. The power required to 
make such a hole depends on the missile's material. As a 
rule of thumb, we can say that it takes a few electron-volts 
(eV) energy to break a chemical bond, and separate atoms. A 


typical 1 liter chunk of material to be removed from the 


missile consists of about 10” atoms, so that about 3 MJ 
energy 1s needed to create such a hole. Limiting the 
delivering time of this energy to 2 to 3 seconds, the needed 
power should be about 1 MW. After considering diffraction, 


the laser beam is focused at the target in an area of 


100cm? so that the intensity is about 10 kW/om*. In order 


to get a feeling of the magnitude of this intensity, we can 


mention that 35 W/cm? on the human body results in third 
degree burns with destruction of the dermis and epidermis. 
It must be noted that delivering time cannot be diminished 
weeheur oa Lamit- Smaller delivery times, which imply very 
high power, may cause detrimental, nonlinear effects such as 
thermal blooming. These effects form a lens in the 
atmosphere and spread the laser beam diminishing the power 
at the target dramatically. Thermal blooming will be 


discussed in the following section. 
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Ee PROPAGATION OF THE LASER BEAM THROUGH THE ATMOSPHERE 


1 Transmittance 
The atmospheric components (elements and compounds) 
strongly affect the propagation of the Laser beam and can 


dramatically diminish the required optical intensity at the 


target. There are three primary processes that affect the 
Eran smassa On Of radiation IE eS Lieilo the atmosphere: 
ab SORpiE On, scattering, and random refractive index 


EL Ce ie brs\ Galleveis me (eibingleibylkcanverss Me 

Absorption is a guantum process where an atmospheric 
molecule absorbs the energy from some incident photon and 
occurs when certain types of particles interact with the 
propagating electromagnetic radiation. Water, vapor, carbon 
dioxide, ozone, nitrous oxide, and carbon monoxide are the 
major radiation absorbers. Scattering is the redirection of 
radiation by particles in the air. Photons collide with 
these particles, whereas the photon energy is reradiated in 
all directions. Turbulence describes the time-space varying 
temperature and pressure inhomogenuites, which result in 
considerable index of refraction fluctuations. The index of 
refraction Variations cause the direction of IL ugjloge 


propagation to bend in various directions. 
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Absorption and scattering are grouped together under 
Ene Lopme™ of <extinctrone Exvanetion is defined as the 
attenuation in the amount of radiation passing through the 
atmosphere. Absorption and scattering are described 
respectively by the absorption coefficient e¢ and scattering 
coefficient p, while extinction is described by the 
Saeinceion COcinLclecnmele—we + pw kmejee™ Transmittance (Tr) 


through the atmosphere over a distance x is defined as 


he — eo = and the irradiance at a target at distance x is 
T= aaa = Tea elatae Both e¢« and op, and therefore the 
transmittance AWecre stmeng] y depend on the radiation 
wavelength. 


The atmospheric transmittance over a wavelength range 
is extremely crucial to directed energy because it 
determines the choice GE the suitable propagating 
wavelength. Transmittance depends on the composition, 
density and pressure of the atmospheric components together 
with the optical line strengths and line widths of all the 
spectroscopic transitions of the molecules and the number, 
size and composition distributions of the particles. 

This complex problem has been described by computer 
modeling codes such as LOWTRAN, FASCODE and MODRAN. MODRAN 


and FASCODE are currently the most widely used and have the 
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capability ee handle arbitrary geometries and view 
conditions, while they allow the user to select from several 
model atmospheres, aerosol profiles, and other weather 
Cone i Ealons - A graph of a typical atmospheric transmission 
in a maritime aerosol model is shown in Figure 15. Note the 
strong dependence Oe the transmittance on optical 
wavelength. There are specific windows One high 
transmittance where it would be preferable to operate a 
laser. To achieve a wavelength in one of these windows, a 
laser must be tunable. This feature is unigue to an FEL; 


other lasers are confined to specific wavelengths. 
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Figure 15. Atmospheric Transmittance. (From Ref. 5). 
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on Nonlinear Effects 

A high power “optical beam traveling through the 
atmosphere is also subject to a "nonlinear" effect where the 
propagation medium is modified by the radiation. This 
nonlinear effect is called thermal blooming, and takes place 
when the absorption of the beam energy by the atmosphere 
Gautises a local temperature rise followed by a density 
change. Since the refractive index depends on the 
atmosphere density, a local refractive index gradient across 
the laser beam cross-section forms a lens along the beam 
path. This effect can result in spreading, distortion, and 
bending of the laser beam, while it generally reduces the 
power density at the target. Miteicace ae it ican lambta the 
irradiance to a value independent of the transmitted power. 
Nonlinear effects depend on wavelength, pulse Jlength, 
intensity, and such medium properties as composition and 
density. 

As a result, it is not possible to increase the laser 
power without limit, and continue to have the laser beam 
propagate through the atmosphere. Nonlinear effects can 


lead to dispersion of the beam power, and even complete 


blockage. 
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G. THE FREE ELECTRON LASER (FEL) 

Among the various types of existing lasers, the FEL 
turns out to be an excellent candidate for a ship self- 
defense weapon system. It can be easily integrated in the 
ship’s structure and become a major weapon system. The 
electrical power required for the FEL’s operation can be 
provided by the ship’s power system or by large capacitors. 


The weight and volume of all the FEL components together are 


approximately 150 tons and 140 m? respectively [Ref. 8], 
and can be accommodated ina ship the size of a frigate or a 
destroyer. 

The FEL offers significant advantages over other types 
of lasers. The continuous tunability over a wide range of 
wavelengths allows the opportunity to select the frequency 
that best propagates through the atmosphere. EES “do nor 
produce hazardous and toxic wastes, which can be life 
threatening for the ship’s crew as do chemical lasers. 
Finally the FEL shows the possibility of high wall plug 
efficiency (~10%), making good use of the ship’s valuable 
power resources. The fact that it operates with electrical 
power, equips the FEL with an infinite magazine, enabling it 


to minimize reaction time and engage multiple targets. 
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IV. SIMULATION RESULTS 


A. THE TAPERED UNDULATOR 

Ae NOtdemmeoaturation, the elle@ctrons@mese enough energy 
to drop out of the gain spectrum bandwidth. At resonance we 
Mave = 0 andy = dot + Kf /2y* and is only near resonance 
that the coupling between the electron beam and the light 
wave 1S ‘Significant. If Ap or K are decreased as y 
decreases, as electrons lose energy, resonance would be 
restored, amd the interaction could C@mermue to higher 
optical powers. Increasing Ap or K also extends the FEL 
saturation limit. Decreasing or increasing, tapering or 
ce Go omedpering,, tie UnaulacOr Wavelengele:, Or along. z, 
modifies the simple pendulum eguation to include an 


additional torque, or phase acceleration 6, so that 


.) ole] 
v= ¢€ = 6 + lal cos(Z + o). If 5>0, we have the case of the 


rEapered"™ utfmem@iator, while for o6<0, the undulator is 
inverse) Vraeec . The value of 6 1S given by 


© = —=2mNAA, / Heeten the @andulator wavelcmummmeus decreased, 
or by o= —4nN K*AB /B (i + x2} when the undulator field 


strength is decreased. 
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Figures hoary show the computer-simulated gain 
spectrum, as @m Figure 6, Of an FEL with dimensionless 
current j=6 and N=41 periods, for various tapering rates 56. 
We Can see that as the tapering rate 6 increases, the gain 
spectrum is no longer antisymmetric about resonance, but 
distorts as the bandwidth broadens. The gain in weak 


optical fields (a << 1m) is bigger in the untapered case, 


while in the strong field regime the gain is increased 
because of taper. Figure 20 presents the peak gain of an 
FEL with j=6 as a function of taper, for three different 


Pelee weer rel GS StrciCuns Oyen Weaks Opmicalytiectds,s d,0= 90 


when the magnitude of 6 increases, the peak gain decreases. 
The peak gain curve is symmetric in 6 with peak value at 
o=0. When the optical field becomes stronger, the shape of 
the curve is distorted; the peak value decreases and shifts 
to negative values of 6. Figure 20 shows how the tapered 


undulators have higher gain in strong optical fields than 


the untapered case, o=0. IVeeSsecong Optical Lieldsaia, — 140 
with j=6, the maximum gain is 9% achieved with 6=-4n. For 
6=0, the maximum gain in strong fields is only 4%. FOr 
Besitive values of 6 and & = 407 >the maximum gain ©£& 8% is 


achieved with 6=10n. 
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Figure 20. Plot of peak gain versus tapering rate. 
Figure 21 presents a plot of the value of phase 
velocity Vy giving peak gain in weak fields as a function 


of the tapering rate 6. In weak fields and for moderate 
taper rate (0<dé<10n), the gain peaks at phase velocity 


Vee 2.40/72. Basger taper rates “and "“Stmemgmiielcds alter 


pars relations 
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Lv for maximum gain 





Figure 21. Position of Peak Gain versus taper. 


B. MULTIMODE EVOLUTION OF SHORT PULSES 

Multimode behavior 18S simulated by introducing a short 
parabolic electron pulse shape into the optical resonator 
and following the evolution of the optical pulse and optical 
fetes ae Onict1On Or Che number of round trips n, enrough 
the resonator. Picosecond long electron pulses are often 
Weed iIne@ewe FEL oscillator “driven py, an RF “accelerator. “At 


resonance, exactly one wavelength of light A passes over 


iiweclteemecmn as the electron passes through one undulacor 


Wave Leman Ag. Over the whole undulator length, N 
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wavelengths of light pass over the slower electrons. We 


define the "slippage distance" as NA and is the distance 


that the electron pulse slips behind the faster optical 
pulse as they travel through the undulator. It is the 
characteristic length over which electrons and light can 
exchange information elec po) elev interaction in the 
undulator. When the electron pulse length is comparable to 
the slippage distance, then short pulse effects are 
important in the FEL interaction. 

As short electron pulses enter the undulator, short 
optical pulses start from spontaneous emission and bounce 
between the resonator mirrors separated by a distance S, 
which 1s greater than the undulator length L. At t=0 the 
electron pulses from the RF accelerator enter the undulator, 
while the rebounding optical pulses arrive to overlap the 
ellecEron in time jintervals Not »2S5/c the round -tri 5. bounce 
time of light in the resonator. We define "desynchronism" 
d = -2 AS/(NA) as the displacement between the electron and 
optical pulses at the beginning of the undulator (t=0) 
normalized to the slippage distance. Enieeoractice, G 1s 
adjusted by moving one of the resonator mirrors, thus 


altering the distance S. 
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4m d=0 .02 





Pies 22. Short Pulse Evolution wath o=dm- and d=0.02. 
Figure 22 shows a sample simulation result after n=2000 
passes with taper o=4n. Several parameters are printed 
across the top; the peak current j, the resonator loss 


PJcEor O, “ene pulse Wwadth oyalso go and N. The upper 
graphs give the optical field shape la(z, n) , the optical 


power Spectrum P(v,n), and the electron spectrum f£(v,n) at 
the final pass. The shading in the middle graphs show how 
these quantities have evolved with n. The scale ranges from 


O in black to the maximum value shown as gray. Onaertc 
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bottom left, the longitudinal Joretile Jet) jene ets vene 
density, or electron pulse j(z-t) is shown for reference at 
dimensionless times 1=0 (black) and t=1 (gray). The 
calculational window is 10 slippage distances long, and 
electron pulse slips behind one slippage distance in that 
window. The z parameter in this Figure is dimensionless 
(z/NA). The bottom center graph shows the weak-field gain 
spectrum for reference, and the right bottom graph shows the 
evolution of the total power P(n). The power is the square 
of the dimensionless optical pulse amplitude a integrated 
over the pulse length. In this particular case, after going 
through some transients, the FEL reaches a steady state 
within approximately n=100 passes. Note the sudden shift of 
the optical power spectrum at n#2#100; as n increases, the 
optical field strength grows and distorts the gain spectrum. 
As seen in Figures 16-19, the gain peaks at larger values of 
vy as the optical field a becomes large, causing the power 


spectrum to shift to larger values of v. 
efijg a weslemsemales 1s C&siicloacl oven) = jus eee sc 


that there is no gain at the beginning of the interaction. 
This delay in gain is called "lethargy". At later times the 


electron pulse becomes bunched and the light pulse is 
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distorted because gain is preferentially deposited on the 
trailing edge of the pulse. The centroid of the light pulse 
travels slower than c. At exact synchronism (d=0) the 
electron and ake at pulses enter the undulator 
Simultaneously. Surprisingly, the steady-state power of the 
FEl@eeOeents) Case 1s O@because the light pulse drifts away 
from the electron pulse over many passes. Figure 23 shows 
the pulse evolution of such a case where the optical power 
evolves to zero after being started with an artificial pulse 
er ight: Introducing a small value of desynchronism, we 
compensate for the slower speed of the light pulse and we 
find a better coupling of electron and optical pulses. 
Considerable power is achieved in the steady state, as shown 


ipeeLgure 22 . 
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taper rates are EA ie S(O — a), 7.5 
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anc 105 — eon) . Multimoce Simulations describe the 


evo WielOn Of snore DSulses in thee#ar infrarec, and show how 
oositive tévering atfects single pass gain, steady state 


power, anc the electron energy spreac as a function of 


desynchronism. 


oe 34.5 MeV Electron Beam 


im <chis case, tne FEL was operated with snort 0.5 ps 


MeV, wich a 0.25% energy Spread. The peak current was 
P=50m oo, eee evene resulting oOdtical waveiencen is BA = 6pm - 
From wvhese valves, the dimensionless varameters where 
=10 (cimensionless current), ana 
Gpe— i. fee = 120 (electron sulse lengtn). The Goal -wasmco 
Getermine the steady state power, the steady state gain in 


weak fields, as well as the electron energy spread as a 


Ch 
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a) Steady State Power 


ang 


Eee e i aS Summarizes the results of many 
Simulazions obtained usinc numerous values of desynchronism 
Sor c=) <O c=0.4, 2O= Wever tames of 0, =4 cls see on. 
The number of passes n in e@ch Samulation was@egrticient £or 
the optical power to evolve to steady state. Tre st teady- 
State dimensioniess power is plotted versus desyncnronisn, 
or §$@eiFeresc teserlhG ~tectes “CO, Giving 2252¢ Weomacne 
Gesyncaronism Curves. 
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For values of d < 0.004, the laser does not operate. 


But at slightly large value of d, the power rises sharply. 
Por small d, the gain is small so that a large number of 
Desses nm is required to achieve steady-state power. yOsG 


6=0, the sharp peak in power at small desynchronism is 


"O 


accOMbdmsca oy) che Pttraepeee pare eclc "2hseeo2 iiuy- Ais 
effect is reduced as taper increases, since tapering tends 
tO ~eGEe the side bands. AS the tapering rate is 
increasea, the steady-state power decreases and the peak 
power oz each curve moves siligntiy to larger values of 
Gesynchronism. The conventional undulator is more eificien 
than the tapered undulators. Furtnermore, higher tapering 
rates reauce the rance of desynchronism values where tne 
For no tapering, the FEL works for vaiues of 
desyncnronism as big as d=0.38. However, a tapering rate of 


6=8n seduces the rance to oniy Ad=0.19. For 6=0, the power 


peaks at d=0.004 witn the tzapped-pariicle instability. 


This is expected since the Siacebands contribute 
omem@emecaicly cO che =inal power. So- Oncn, Lone Steesy— 
Secmweo oewe. 21S 50S ~smalter and peaxs at ad=-O.UiTo> ror lercer 
G, che power diminisnes significantly as the taper 
increases. gae Glas seccicns Of ehe cGeSynGaronism curves 


e 


are desirable regions to operate the FEL, since they are 
predictable end stable. Linit-cveee  pena7i cr 91s geese ee 
for 65=0 between d=0.02 and d=0.07, and for 6=8n between 
d=0.925 anc a=0.03. For these regions, shown on the graph 
as merce Cyrcles, "ORmiy eae peak Dower of the steady state 
power is snown. Limit-cvcle pehavicr causes oscillations 
cof che vower P(nm), the power spectrum P(v,n), and the 


electron spectrum f{v,n). The steady-state power oscillates 


ly by as high as 50%, between the veak and the low 
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vaiues. Limit-cycle benavior occurs when trapped paxzrticies 
in strong fields combine witn Short optical pulses. The 
modulation caused by tne oseillation of the trapped current 
continually modifies tne snape of the short optical pulse. 
Tne different wsoulise shapes have ciftferen= vowers P and 
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Pigure 26. Limit-cycie behavior. 


(oy, Steady State Gain 

In order to determine the steady-state, weak field 
gain as a function of desyncnronism, the same simulations 
were used. Instead of plotting power as a function of nm in 
the lower wright graph of each Simulation output, P(n) is 


replaced by gain G(n), as shown in Cure Ge27 . The 
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Figure 28. Steady State Gain versus desynchronism 


In Figure 28, the weak-field, steady-state gain 
is plotted as a function of desynchronism d, for the given 
tapering rates oo. Clearly the gain curves are much 
different from the desynchronism curves and peak for 
moderate values of d. When tapering increases, the peak 
gain of each curve shifts to smaller values of d. FOr =e 
tapering (6=0), the peak gain is 85%, at d=0.14. When o=8n, 


EMew=peak Gaim drops to only I2Zc,7- at d-0.03- The most 


a 


common feature of the desynchronism curve is that the 
operating range, (Ad), decreases as 6 increases. Note that 
when the gain drops to Q=10%, the final power drops to 0 


because the FEL loss per pass exceeds the gain per pass. 


c) Electron Energy Spread 

When the power erecacmes  Secadyesoraec ve sileasure 
the full width Av of the final electron spectrum, which is 
the upper right graph of the computer simulation output (see 
Figure 24). From Av we can determine the fractional 
electron energy spread using Ay/y = Av/4nN where N=41. In 
the TJNAF EEL design, the electron beam exiting the 
undulator is redirected by bending magnets and fed back into 
the accelerator. This recirculation allows energy recovery 
from the electron beam, and significantly increases the FEL 
efficiency. The induced electron energy spread is crucial 
to this process, because beam recirculation is feasible only 
if the full electron energy spread is less than 6%. In 
Figure 29, the fractional electron spread induced by the FEL 
interaction is plotted as a function of d and 6. The curves 
appear much like the power curves in Figure 25 with initial 
Sharp peaks of 7%-8% near d=0.01. However for d >0.025, all 


the energy spreads are less than 6%. 
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Figure 29. Electron Energy Spread. 

Between d=0 and d=0.05, where we have the maximum 
Output power, the induced energy spread is significantly 
smaller for the conventional undulator than the tapered one. 
For d=0.025, the energy spread was 4.5% for the untapered 
undulator and around 6% for all the other tapers. The 
tapered undulator does not appear to be desirable for 
recirculating the electron beam. After d=0.05, the energy 
spread drops to less than 4% for all the tapering rates. 
With short optical pulse, the head and tail of the pulse 
Nave weal Optical fields, "So that tapering is not optimum 
along the pulse. This is the reason the energy spread is 


greater in the tapered undulators. 


aS, 


2 47.5 MeV Electron Beam 


a) Steady-State Power 


In this case, the dimensionless parameters are 


defined: j=7 and o, = 1.8. The optical wavelength was 
A = 3pm. The desynchronism curves were again determined as 
shown in Figure 30. The curves are very similar with those 
using the 32.5 MeV (Fig. 25). However, the operating ranges 


and the final power are smaller because of the smaller value 


of j. For taper 6=8n, the laser barely works. 
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Figure 30. Desynchronism Curve for 47.5 Mev electron 
beam and various tapering rates. 
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The operating width of the desynchronism curves, 


Ad, as a function of taper has been measured in experiments 


conducted with the IR Demo FEL at Jefferson Lab [Ref 16]. 
The FEL parameters used in the simulations were the same as 


those of the experiments (A = 3pm, N=41, Q=10, j=7 and 


Gap= 1.8). Pie Y NOUR seen ero latincemwacdieh cor uthe 


z 
Gea Menronism Cumye 1s plotted as a function of taper, using 
both experimental and computer simulation data. The 
relative width is the maximum value of desynchronism where 
the FEL operates for each taper, divided by the width of the 
desynchronism curve of the untapered undulator (6=0). Both 
Sean onsmand experiments show that the operating range 
decreases as the taper increases. There is good agreement 


between theory and experiment. 
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Figure 31. Relative width of desyncronism curve versus taper 6. 
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Limit-cycle behavior in the final power was 
observed for ia On ee onmciGmnot fOr 6 = 6m. Figures 
33-35 show the desyncronism curves of Figure 30 in order to 


more clearly presentthe details of limit-cycle behavior. 
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Figure 33. Desynchronism Curve for 6=0. 
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Figure 34. Desynchronism Curve for o=4n. 

The upper right graphs of Figures 33 and 34 show 
blown up section of the desynchronism curve section where 
the Iie -cvcle (benaviler soceins- Since there are periodic 


oscillations of the total power, the maximum and minimum 


power iS indicated in the graph. The mean power is the 
average of the maximum and the minimum. The desynchronism 
curves in Figure 30 plotted the mean power. Figure 35 shows 


the desynchronism curve for 6=8n, emphasizing the limit- 


cycle behavior. 
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Figure 35. Desynchronism Curve for 6=8n. 


b) Steady-State Gain 

The same procedure as the one followed in 
paragraph 1b was followed in order to determine the steady- 
State, weak-field gain as a function of taper and 
desynchronism. The results are presented in Figure 36 and 
are similar to those with the 32.5 Mev beam energy 
(Figure 29). Still the operating ranges, as well as the 


gains, are smaller. 
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Figure 36. Steady State Gain versus desynchronism for 47.5 
BlicveclCerE ron ocean. 


Cc) Electron Energy Spread 

Figure 37 shows the fractional electron spread as 
aiunctrvonmet d sandeser The results are again similar to 
those with 32.5 MeV electron beam energy. The curves have 
the same trend as the power curves (Fig. 30) with a peak 
near d=0.01. The peak fractional energy spread is 
approximately 1% smaller than for the 34.5 MeV beam because 


of the smaller value of j. 
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j=7 , Q=10 , N=41 


desynchronism 





Figure 37. Electron Energy Spread for 42.5 MeV Electron Beam. 

Initial peaks of 7% induced energy spread are 
evident at the start up region (d=0.007). FOr C..>.0mOnss:, 
the energy spread drops to less than 6%, implying the 
possibility of beam recirculation. In the region of high 
steady-state power(0.01< d <0.04) the conventional undulator 
(O=0) has almost 1% less energy spread than the tapered 
(Oo=4n, 6m). Thus, the untapered undulator is ae better 
candidate for beam recirculation. The short optical pulses, 
with weak fields at the head and tail, cannot be easily 


designed to reduce energy spread. 


Gi 


E. CONCLUSIONS 
Experiments were conducted with the TJNAF IR demo FEL 
(Ref. 16) in order to test its operation with various taper 


rates 65, and desynchronism values using the following 


Table 3. Parameters used in the FEL experiments. 


Pemametlers: 


Undulator 
Periods 
Wavelength 


Electron Beam 
Energy 

















In this thesis, computer simulations were used in order 
to explore the operation of the TJNAF FEL with the 
conventional and several tapered undulators using the same 
parameters as aig) experiments. The corresponding 
dimensionless parameters used in the simulations are listed 


in Table 4. 


Energy 
Current 


Resonator ro ie, 
l@cisieet actio7 
Pulse length 


Table 4. Parameters used in the simulations. 





The desynchronism curves were determined at each 
electron beam energy, and present a sharp peak at small 


values of desynchronism accompanied by the trapped-particle 
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P7Staon lity . Trapped-particle instability was reduced for 
larger values of taper, since tapering suppresses’ the 
Sidebands. Limit cycle behavior was also observed for most 
tapering rates. Although the general shape of the curves is 
very Similar for each beam energy, the final power and gain 
were Significantly smaller for the 47.5 MeV electron beam 
than for the 34.5 MeV electron beam, because of the lower 
value of j. 

The tapered undulator turned out to be less efficient 
than the conventional undulator, demonstrating reduced gain 
and power, and increased energy spread to the electron beam. 

The width of the desynchronism curve decreased as the 
Meapering wate iS increased, in agreement with the 
experiments. A publication is being prepared comparing the 


experimental (Ref. 16), and simulation results. 


69 


THIS PAGE INTENTIONALLY LEFT BLANK 


70 


V. EXPERIMENTAL RESULTS OF DAMAGE INDUCED TO MATERIALS BY 
THE TJUNAF FEL 


A. LASER MATTER INTERACTION 

The interaction between lasers and matter is a 
complicated issue generally described by non-linear and 
unpredictable effects. The laser beam has the unique 
ability to deliver very high power per unit area. When high 
power laser radiation falls on a target, the part of the 
beam that is absorbed begins to heat the target surface very 
rapidly to its melting temperature. This melting process 
then penetrates progressively into the material. Many 
physical processes govern the damage caused to the material 
by the laser power including power absorption, power 
reflection, heat Conauce lon: and heat aa fiusiom. 
Furthermore, a large number of parameters play a major role 
in these processes such as material density and heat 
Capacity, as well as the irradiation wavelength, power 
density, peak power, and possibly pulse characteristics. 

A good knowledge of these mechanisms helps-~ one 
understand the capabilities and limitations of the directed 
energy, and allows better control of the damage caused by 


the laser. Controlled damage has many industrial 


gil 


applications such as the creation of thin coatings, 
electronic component fabrication, precise drilling, cutting, 
etc. However, when using the high-power laser as a weapon 
to shoot down missiles, precision and symmetry of the 
damaged area are not the issue. Our goal is to cause the 
maximum possible damage on a rapidly moving missile; this 
requires precise tracking of the laser beam through a 


turbulent atmosphere 


Be SCALING 

As stated in chapter III, an intensity of 10 kW / cm? 
over a 6 cm radius spot for a few seconds dwell time is 
needed to burn an adequate hole in a missile. In these 
damage experiments, the TJNAF FEL used only several hundred 


watts. In order to achieve the desired intensity of 10 


kW / cm’, the laser beam has to be focused with a lens to a 
much smaller spot size. For average power P and spot area 
A, the resultant intensity is I =P/A. Given a specific 
power, we can adjust the spot size to achieve the desired 


intensity. Studying a spot radius on the order of 0.1 cm 


and using 500 W power, we can achieve 10 kw / cm? intensity. 


The goal of this scaling is to develop guidelines that will 


v2 


reliably predict the damage caused by a high power laser 
over a large area. 

Nevertheless, the spot size cannot be arbitrarily 
small, or the scaling will not work. Each material is 
characterized by a parameter called the thermal diffusion 
length D, which represents the distance required for the 
temperature to drop by a factor of 1/e, and determines the 
ability of the material to absorb and transport heat. If D 
is greater than the laser beam spot size diameter, the heat 
deposited by the laser beam will diffuse away in less time 
than it takes the material to melt. im, order ~COmobioan 
effective heating, and cause melting of the material 


irradiated, the thermal diffusion length should be smaller 


than the beam diameter. Also, the damage hole cannot be 
much greater than the laser beam radius. Material cannot 
easily escape a deeply damaged hole, and the damage 


mechanism may be complicated by the material ejecting the 


hole and flowing through the beam. 


Cc. EXPERIMENTAL PROCEDURE 


The sample materials used in the experiments were 
Polyimide Fiberglass and F2 Epoxy. The samples provided by 


the Naval Research Laboratory are the same as those used in 


ao 


similar experiments conducted in March 1999. The results of 
the March 1999 irradiations, which involved three holes in 
each sample labeled 1,2, and 3, were presented in Reference 
[14], and some of them will be mentioned in this thesis. 
The results presented by this thesis were obtained by two 
Gale Ger cnam@mexpe ri menbseiconcduel ed seam A gus Ee ond Shiewmen 
ZO 2 The results from both experiments will be presented 


together in order to make the analysis more comprehensive. 


i August 1999 Experiment 

Each sample was irradiated 12 times (4 sets of 3 
irradiations with the same parameters) with a FEL beam of 
wavelength A=3.1 um, pulse repetition frequency 18.7 MHz and 
average power P=l100W+5W. The Polyimide Fiberglass was 
irradiated first, followed by the F2-Epoxy. Measurements 
were made with samples placed downstream of a calcium 


fluoride lens with a measured back focal length of 137.6 mm 


for 3 um wavelength. A camera was set up to observe the 
front and back surface of the samples. Two sets of three 
irradiations were first made. The average intensity was 500 


W/cm’, which was achieved by focusing the beam to a spot 
of 0.25 cm radius. Three identical irradiations were made 


initially with no airflow. Then three more irradiations were 
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made with a wind speed of 60 mph across the front face of 


the samples. iia Wwenaadnustrmmgqutieweeam radius to 0.087 cm, 


the intensity was set to I=10 kW/cm* and the same set of 
measurements were repeated. 
2. March 2000 Experiment 


The goal of these measurements was to maintain the 


average intensity of 10 kW /cm?, but using higher laser 
power with a larger spot size. Each sample was again 
irradiated 6 times (2 sets of 3 irradiations) with a FEL 
beam of wavelength A=3.1 pum, pulse repetition frequency 
37.425 MHz2z and average power P=500W+10W. The Polyimide 
Fiberglass was irradiated first, followed by the F2-Epoxy. 
Measurements were made with samples placed downstream of a 
calcium fluoride lens with a measured focal length of 235.7 
mm for 3 wpm wavelength. A camera was again set up to 


observe the front and back surface of the samples. 


Irradiations were made with I=10 kW/cm’ average intensity, 
which was achieved by focusing the beam to a spot of 0.13 cm 
radius. Three identical irradiations were made with no 
airflow, and then three more irradiations with a wind speed 


Ofesemiielimcetoss the front face of Emeysamples. 


Us 


Bye RESULTS 


a Sample #1 - Polyimide Fiberglass 

The sample had dimensions 11.4 cm by 10.1 cm with 2 mm 
thickness. In Figure 38, we see a photo of the front side 
of the Polyimide Fiberglass sample after all sets of 
lrradiations. Irradiations labeled by numbers 1,2 and 3 
were conducted in March 1999. MIrradiations labeled 4 to 15 
were conducted in August 1999, and 16 to 21 were conducted 
in March 2000. All irradiations were done three times with 
the same Patamerers iL order to Geu, Messe accurate 
measurements. The actual results came from the mean value 
of the three measurements. iPeadlat MONS = 7 oo ene eigen eee 
alae and 18 were done with no Blili@iel oie while 0) 
4,5,6,13,14,15,19,20, and 21 there was wind present. hie: 
Figure 39, we see a photo of the backside of the Polyimide 


Fiberglass sample showing that all of the irradiations with 


intensity of 10 kW / cm? completely penetrated the sample. 


On the other hand, the irradiations with an intensity of 


500 W/cm (irradiations 10 to 15 of Figure 38) did not 
penetrate the sample. Irradiation results are summarized in 


Table 5. Each row represents a set of three irradiations. 
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The hole diameters have variation of 15% in each set of 
three holes. This is due to the slight variation of the 
exposure time, which is on the order of 1-2 seconds. 

The presence of airflow resulted in #15% bigger hole 
diameter and penetration depth rate, than those attained 
WlUROUE errt low. The irradiations conducted with 500 W 
average power (runs 16 to 21), caused 3.5 times higher 


penetration depth rate than the ones conducted with 100 W, 


and the same intensity (kW/cm*). This is probably because 
the higher power allowed larger spot, so that damaged 


material could more easily escape the larger damage hole. 


The damage pattern of runs 16 to 21 1S not circular as 
expected but somewhat elliptical, which is very clear in 
Figures 44, 45,46 and 47. The following figures present a 


closer caption of the damage caused by the irradiations. 
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In all cases a raised lip of melted material is 
observed around the face of the entrance hole. The 
dimensions of the lip are approximately 0.2 mm height and 
1 mm width. However, when airflow is present the lip tends 
to be smaller, possibly because the airflow removes the 
debris, and the evaporated material that actually 
COMtraibutes to the formation of the@ilip. “Ghat weulla explain 
the bigger diameter of the holes made in the -presence of 
wind, since the diameter is measured from the inside part of 
the lip. 

The charred region extends approximately 2 mm around 
the lip when there is no wind. With wind this area is much 
smaller. The charred region around the exit hole extends to 
1 to 1.5 mm in all cases, as the backside of the sample was 
not exposed to the airflow. As exposure time increased the 
radial extent of the damaged area increased and more melted 
material was deposited around the hole. After the 
irradiation stopped, there was a period of almost 3 sec that 
the material is still hot and melting. The wind tends to 
cool down the material, decreasing this time almost in half 
and resulting in less melted material. 

Investigation with a microscope reveals that there is 


no evidence of melted or rehardened material inside the 
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holes. It is also evident that the damage is most 
Significant in the center of the hole, diminishing radially 
outward, which supports expectation of a Gaussian shape of 
the laser beam intensity. 

The following table presents the results of the 


experiment conducted in March 1999 (Holes 1,2,3). 


Average Average Spot Penetration 
Power Intensity radius Depth 
(W) (kW/cm 2 ) (mm) Rate 


(mm/sec) 





Table 6. Irradiation results of March 1999 experiment on 
Polyimide Fiberglass. 


The above results have the same irradiation parameters 
with those of runs 7,8,9 of Table 5 except for the higher 
Pulse Repetition Frequency (PREF) of 37.4 MHz and the longer 
wavelength A=4.8 um. It appears that the shorter wavelength 
in Table 5 (A=3.1 um) combined with the lower PRF is much 
more effective, resulting in 60% higher penetration depth 
rate than in table 6. The lower PRF apparently causes more 
damage, since it results in more energy per pulse for the 


Sollewew= sage DWOwel. 
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2 Sample #2 - F2 Epoxy 


The sample had dimensions 11.5 cm by 10 cm with 1.5 mm 
thickness, attached to a 1.6 em" thtck pol Vertiodew coam 
backing which is clearly seen in Figure 49. In Figure 48, 
we see a photo of the front of the sample after all sets of 
irradiations. Irradiations labeled 1, 2 and 3 were those 
conducted int “Maren yoo: Irradiations 4 to 15 were 
conducted in August 1999, and 16 to 21 were the last ones 
conde ted in Maren 2 0,00- Following the same procedure as 
with polyimide, all the irradiations were done three times 
with the same parameters in order to get more accurate 
measurements. The results presented here came from the mean 
value of the three measurements. irragsuattoms. 776,9,10, 
Pig t2, fool /;, .anGd Boel Pig. 43 )sswere donee wi Eh nossalinn Low 
whnle amd, 576,13; 4s, 19,20v2) there was wind@presems. in 


Figure 50, we see a photo of the backside of the sample 
showing that all of the 10 kW/cm* irradiations completely 


penetrated the sample. On the other hand the 500 W/cm’ 
intensity (runs 4 to 9) did not penetrate, but caused more 


extensive surface damage due to the bigger spot radius. 
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The hole diameters have variation of 15% in each set of 
three holes. This is again due to the slight variance of 
the exposure time of the irradiations, which is on the order 
of 1 to 2 seconds. The presence of airflow did not seem to 
increase the extent of the damage. The entry hole diameter 
was actually decreased by 10% to 30%. 

The average power of 500 W (runs 16 to 21), resulted in 
2.5 times higher penetration rate than the 100 W power (runs 
10 to 15), and caused a slightly elliptical damage pattern. 
During the irradiation, it was observed that flames, smoke, 
and debris covered the entrance hole. After the irradiation 
stopped the material was still burning for almost 3 seconds, 
which caused extra charring and melting of the sample. When 
airflow was applied, the time decreased by half. The 
charred region extends approximately 0.5 mm around the 
entrance hole with wind present and 1 mm without wind. 
Examination of the holes with a microscope revealed more 
roughness than the polyimide. This was probably caused by 
deposited debris and charred material. The Gaussian beam 
caused the same damage pattern with the polyimide sample, 
being more intensive at the center of the spot. However the 


penetration rates were observed to be 2 to 3 times smaller. 


Sil 


Table 8 presents the results of the experiment 


conducted in March 1999 for whe Peer scamete (Holes 1,2,3)4 


Penetration 














Average 









Intensity Depth 
(kW/cm? Rate 
(mm/sec) 
a | 2c 
Table 8. Irradiation results of March 1999 experiment on Epoxy 


Comparing these results with runs 10 to 12 of Table 7, 
it is clear again that the A=3.1 wm wavelength combined with 
the lower Pulse Repetition Frequency was more effective, and 


resulted in 6 times higher penetration depth rate. 


1 CONLUSIONS - SUGGESTIONS 


When higher laser power is available in the future, the 
same irradiations should be conducted with even larger spot 
radii in order to compare the results and establish scaling 
laws. It is suggested that thicker samples should also be 
tested in order to determine if the penetration rate stays 
the same after the laser beam has penetrated the material a 


few mm. 


a2 


Zeer tow did = net Weac aueemomunteant effect, possibly 
because of its relatively low speed. It is suggested that 
in future experiments the wind speed should be much higher 
in order to simulate more realistically the conditions of a 
Pomss lee eying ween maeo Zeveehespecd (1000 mph) . 

Furthermore, a way to make the measurements of burn 
through times more accurate should be established, as they 
are important in determining penetration depth rates. 

From the analysis of the results, it is apparent that 
the penetration depth rate is proportional to the laser 


intensity. When the intensity is changed by a factor of 20 


(from 500 W/cm* to 10 kW / cm?) the penetration depth rate 
is also changed by almost the same factor in both samples. 
The A=3.1 um wavelength appears to be more effective 
than the A=4.875 pm wavelength. In addition, the lower PRF 
(18.7 MHz) seems to contribute to higher penetration rates 
due to the higher energy per pulse. It is recommended in 
future experiments to keep the pulse energy constant, but 
increase the repetition rate, to see how the burn-through 
rate is affected. It would be useful also to vary the 
wavelength, while keeping the PREF and the energy per pulse 


GCOnSTant. 
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